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Different parts of the world are experiencing decreased/lack of rainfall, arising 
from constant change in global environment, leading to drought stress, thereby 
significantly reducing crop yield and creating food scarcity. However, plants have 
also developed various stress adaptive mechanisms to cope up with changing 
environment and to survive in various stress conditions, such as drought. ABA 
signaling has been long attributed as a master mechanism regulating various aspects 
of stress adaptive responses in plants. In the past two decades, significant progress has 
been made in understanding different aspects of ABA signaling, namely: ABA 
biosynthesis and degradation, ABA perception and signal transduction using diverse 
approaches such as genetics, biochemistry, electrophysiology and chemical genetics. 
However, there are still various aspects of ABA signaling that are yet to be 
understood. 
In project I we have looked at the cross talk between ABA and reactive 
oxygen species (ROS) signaling. Using simple biochemical assays we have shown 
that HAB1 (one of the key phosphatases involved in ABA signaling) is sensitive to 
hydrogen peroxide and may act as a redox sensor in the cell. We have also identified 
two cysteine residues, Cys186 and Cys274, as key thiols of HAB1 involved in redox 
sensing. We have also proposed a model for the formation of inactive HAB1 dimers 
upon oxidation by H2O2 to explain the redox sensing mechanism. These results have 
widened our knowledge regarding the crosstalk between the ABA signaling 
components and ROS molecules. 
In project II we have made an attempt to understand the interactions between 
three core components of ABA signaling, namely: PYR1/PYL ABA receptors, the 
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HAB1 phosphatase and SnRK2.6/2.3 kinase. We have shown using AlphaScreen 
interaction assays that SnRK2.6 can directly interact with PYR1 (truncated) and the in 
vitro IC50 of this interaction is 160 nM. Furthermore, our HDX results show that the 
gate loop of PYR1 is stabilized upon binding to SnRK2.6 and this interaction site 
overlaps with PYR1 dimerization thus suggesting that SnRK2.6 may stabilize the gate 
loop of PYR1 in an open conformation thereby preventing re-association of ABA 
with PYR1. This may serve as a mechanism for receptor desensitization. Besides, we 
have shown that the eight N-terminal residues of PYR1 play a key role in PYR1 
dimerization. We have also tried to obtain crystals for the SnRK2.6-PYR1 complex to 
determine its structure and were successful in obtaining microcrystals for the ABA-
PYR1-HAB1-SnRK2.6 quaternary complex. However further optimization is required 
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CHAPTER 1. INTRODUCTION 
 
1.1  GENERAL INTRODUCTION 
“We need blue revolution in agriculture that focuses on increasing the 
productivity per unit of water, more crops per drop” – Kofi Annan, April 2000 
Millennium address 
 
Drought is one of the major environmental problems affecting agriculture 
worldwide, causing a significant decrease in annual crop yield and thus creating food 
scarcity. Water is an indispensable factor for all metabolic processes and hence, lack of 
water may pose a great threat to all forms of life. Plants, being sessile living entities, have 
developed different mechanisms to thrive under various environmental stress conditions, 
including drought. Once plants perceive a stress signal, an array of signal transduction 
pathways are activated which evoke stress adaptive responses. One such pathway 
activated in response to stress is the abscisic acid (ABA) signaling pathway. ABA has 
long been recognized as an important stress hormone and is synthesized in plants in 
response to drought, cold, salt and other abiotic and biotic stresses. Thus, understanding 
the mechanism of the ABA signaling in plants, especially in food crops, is important to 
develop drought and other stress tolerant plants. However, Jian-Kang-Zhu, a scientist 
from Purdue University has compared the process of deciphering drought stress response 
in plants to understanding cancer mechanism in mammalian cells. In this chapter, various 
aspects of ABA perception and signaling, such as the biosynthesis, catabolism and 
components of the ABA signaling pathway, and the role of hydrogen peroxide are 




1.2  BIOSYNTHESIS, CATABOLISM AND TRANSPORTATION OF 
ABSCISIC ACID (ABA) 
 Since its discovery in the early 1960’s for its role in abscission, ABA,-a 
sesquiterpenoid hormone, has been shown to play an important role in various cellular 
processes, namely seed dormancy, seed development, seed germination, reproductive and 
vegetative growth, pathogen defense, biotic and abiotic stress adaptive responses (Fig. 
1.1A, B) (Cutler et al., 2010; Finkelstein et al., 2002; Sakata et al., 2014). Since ABA 
plays a crucial role in plant growth and stress response, its levels are tightly regulated by 
a combinatorial effect of biosynthesis and degradation processes. Although ABA is 
considered to be the major stress hormone, other phytohormones, including jasmonate 
and ethylene, have also been attributed to play significant roles in stress response (Fujita 
et al., 2006). The synergistic and antagonistic interactions among these hormones evoke 







Figure 1.1: (A) Schematic representation of ABA function in plants. (B) 
Structure of abscisic acid (ABA) (Hill et al., 1995). 
 
 ABA is maintained at low levels during normal conditions, but once stress, such 
as drought, arises, ABA levels shoot up, even by 40 fold, thus activating the ABA 
signaling pathway (Verslues et al., 2006). ABA signaling is a complicated mechanism 
that involves turning on and off various genes which further alters plant physiology and 
morphology, thereby allowing plants to adapt to the existing stress condition and also 
helps in mitigating the damage caused by stress.  
 Low water potential in soil or drought induces ABA biosynthesis, largely by up 
regulating the expression of the genes that catalyze ABA biosynthesis, such as 9-cis-
epoxycarotenoid dioxygenase 3 (NCED3) and zeaxanthin epoxidase (ZEP) (Audran et al., 
2001; Endo et al., 2008; Tan et al., 1997). Immunohistochemical analysis also shows that 
accumulation of ZEP occurs in vascular tissues in response to drought stress thus 
indicating that ABA is first synthesized in vascular tissues (production site) (Audran et 
al., 2001). ABA is later transported to guard cells (one of the target sites), where it 
activates an array of proteins and genes thereby altering protein and ion profiles and 
leading to stomatal closure. Stomatal closure is one of the major responses towards 
drought stress as it helps plants conserve water by minimizing water loss by transpiration 
through stomatal pores. 
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 Earlier research using chemical inhibitors such as fluridone and in vivo–labeling 
studies using 18O2 suggested that carotenoid is the precursor molecule for ABA 
biosynthesis and also indicated that the initial steps of biosynthesis of ABA occur in 
plastids of vascular tissues (Zeevaart et al., 1989) (Gamble and Mullet, 1986). Most of the 
knowledge regarding ABA biosynthesis and enzymes involved are obtained from the 
biochemical characterization of numerous ABA-deficient mutants, such as, aba1 and 
aba2 (zeaxanthin epoxidase mutant), vpl4 (9-cis-epoxycarotenoid dioxygenase mutant), 
aba3 (ABA aldehyde oxidase mutant) (Leon-Kloosterziel et al., 1996; Schwartz et al., 
1997a; Schwartz et al., 1997b; Tan et al., 1997).  
ABA is synthesized from carotenoid by a multi-step process involving xanthoxin 
as an intermediate. Firstly, ȕ-carotene is converted into zeaxanthin, which further 
undergoes epoxidation to form violaxanthin and the reaction is catalyzed by zeaxanthin 
epoxidase (ZEP) (Audran et al., 2001; Sindhu and Walton, 1987). The ZEP mRNA levels 
are shown to increase proportionately with ABA concentration in roots (Xiong et al., 
2001). Although these initial steps of ABA biosynthesis are shared with the xanthophyll 
cycle, a protective cycle against photo-oxidation (activated in leaves at high light 
intensity), it also plays a key role in ABA biosynthesis in non-photosynthetic tissues 
(Latowski et al., 2011).  
The first direct evidence for a major rate limiting step of ABA biosynthesis was 
obtained by characterizing vpl4, an ABA deficient maize mutant, produced by transposon 
tagging, which possessed a defective 9-cis-epoxycarotenoid dioxygenase (NCED) 
enzyme (Burbidge et al., 1999; Iuchi et al., 2001; Qin, 1999; Thompson et al., 2000). 
NCED catalyzes the oxidative cleavage of 9’-cis-neoxanthin and 9’-cis violaxanthin to 
xanthoxin. This enzymatic cleavage also clearly establishes 2-cis stoichiometry of the 
ABA (Schwartz et al., 1997b; Seo and Koshiba, 2002). The early reactions of ABA 
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biosynthesis, until xanthoxin production, occur in plastids. Furthermore, xanthoxin is 
transported to the cytosol where it is converted into (+)-cis-ABA (a naturally occurring 
form) via a two-step reaction. Initially, xanthoxin is converted to ABA aldehyde, 
catalyzed by a short-chain alcohol dehydrogenase/reductase (SDR), a vascular tissue 
specific enzyme encoded by the ABA2 gene (Cheng et al., 2002). Later, ABA aldehyde is 
converted to ABA, catalyzed by ABA-aldehyde oxidase (AAO) and this reaction requires 
molybdenum cofactor (MoCo) (Gonzalez-Guzman et al., 2004; Seo et al., 2004; Seo et 
al., 2000a; Seo et al., 2000b). Hence, any mutation in aldehyde oxidase or molybdenum 
cofactor synthase leads to impairment in ABA biosynthesis as characterized by using the 
aba3 ABA deficient mutant (Fig. 1.2). 
On the other hand, ABA, like many other end products of a metabolic pathway, 
can exert negative feedback regulation and prevents its own accumulation by activating 
enzymes involved in its catabolism. ABA 8’-hydroxylase, an enzyme from the 
cytochrome P450 mono-oxygenase family, catalyzes the first step of ABA degradation 
and can also be activated by exogenous ABA (Krochko et al., 1998; Kushiro et al., 2004; 
Umezawa et al., 2006) . This proves that ABA can activate its own degradation.  
Hydroxylation of ABA by ABA 8’-hydroxylase to 8’-hydroxy ABA is the major 
pathway involved in catabolic inactivation of (+)-ABA. Furthermore, 8’-hydroxy ABA 
undergoes cyclization to from (-)- phaseic acid (PA) and its reduced form dihydrophaseic 
acid (DPA) (Walton and Yi, 1995). DPA is a fully inactive form of ABA and lacks ABA-
like activity unlike PA which exhibits significant ABA-like activity in some bioassays 
(Walker-Simmons et al., 1997). ABA inactivation is also reported to occur through 
reversible conjugation of ABA with glucose catalyzed by ABA glucosyltransferase to 
form ABA glucose esters (ABA-GE) (Priest et al., 2006; Xu et al., 2002). ABA glucose 
conjugation not only inactivates ABA but also serves as an ABA reserve and aids in its 
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long distance transport. ABA glucose esters have low membrane permeability and can be 
de-conjugated by ȕ-glucosidase to obtain active ABA (Lee et al., 2006) (Fig. 1.3). 
 
 
Figure 1.2: Schematic representation of ABA biosynthesis in plants.          
(Adapted from Xiong et al., 2003) 
 
 
Figure 1.3: Schematic representation of ABA catabolic pathway in plants. 




ABA, synthesized in vascular tissue in response to drought stress, is further 
transported to guard cells to perform its function. Although ABA can diffuse passively in 
its protonated form across a pH gradient, this process would be greatly hindered during 
stress due to strong alkalization of apoplast (Wilkinson and Davies, 2002). Thus, ABA 
transporters are required to deliver ABA to guard cells (one of its target sites) from the 
biosynthetic site. Recent studies in Arabidopsis have linked AtABCG25, AtABCG22 and 
AtABCG40; ATP Binding Cassette transporters in ABA transport (Kang et al., 2010; 
Kuromori et al., 2011a; Kuromori et al., 2011b; Kuromori et al., 2010b). Biochemical and 
experimental analysis of AtABCG25 mutant, which exhibits ABA-insensitive phenotype, 
has led to its discovery as an ABA exporter, whose promoter activity is highest in 











Figure 1.4: Cartoon representing proposed model for transportation of 
ABA in plants from vascular tissue (biosynthesis site) to guard cells (target 
site). 
 
On the other hand, AtABCG40 functions as an ABA importer, found specifically 
in guard cells (Kang et al., 2010). The synergetic function of these two transporters would 
aid in the transportation of ABA to guard cells from vascular tissues. In addition to ABC 














(Boursiac et al.). However, further experimental validation is required to confirm the role 
of ABC transporters and NTR/PTR family of proteins in ABA transport (Fig. 1.4). 
Once ABA reaches the guard cells, it binds to its receptor, predominantly to the 
pyrabactin-resistance 1 / pyrabactin resistance like / regulatory component of ABA 
receptor (PYR/PYL/RCAR) family of proteins, and turns on ABA signaling, which leads 
to the activation of various stress responsive genes, accumulation of molecules such as 
osmolytes to protect against stress damage and stomatal closure to prevent loss of water 
by transpiration 
 
1.3  ABA SIGNALING COMPONENTS 
1.3.1  PYR/PYL/RCAR family of proteins 
Although ABA was discovered in the early 1960s, for nearly five decades the 
scientific community was not completely aware of the process of ABA perception 
(Ohkuma et al., 1963). The high functional redundancy and pleiotropic effects of ABA 
receptor proteins posed a challenge to the scientific community in identifying proteins 
involved in ABA perception and signaling. Single mutation genetic screens, employed 
extensively in identifying components of ABA biosynthesis and catabolism, were unable 
to delineate ABA receptors. Nevertheless, in the course of time, various proteins, such as 
GCR2, CHLH, were considered as ABA binding proteins, but none of them were 
experimentally proven beyond any doubt to be essential for ABA signaling (Gao et al., 
2007; Johnston et al., 2007; Liu et al., 2007; Shen et al., 2006). Finally in 2009, two 
research groups independently unveiled the role of the PYR/PYL/RCAR 
(PYRABACTIN-RESISTANCE 1/ PYRABACTIN RESISTANCE LIKE/ 
REGULATORY COMPONENT OF ABA RECEPTOR) family of proteins in ABA 
perception. This discovery is considered to be one of the top ten breakthroughs in the 
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field of signaling for the year 2009 by the journal Science. Park et al. utilized a chemical 
genetic approach with a selective ABA agonist, pyrabactin and deciphered the proteins 
involved in ABA perception (Park et al., 2009). Pyrabactin is a synthetic seed 
germination inhibitor. Unlike other ABA analogs, pyrabactin is a selective agonist which 
mimics ABA effects in seeds but not in vegetative tissues. Microarray analysis of ABA 
and pyrabactin responses in seeds also show highly correlated transcriptional response, 
suggesting that pyrabactin may affect some but not all the pathways regulated by ABA. 
Park et al. used EMS mutagenized seeds and treated them with 25 µM of pyrabactin and 
screened the seeds for the germination inhibitory effect of pyrabactin. The seeds that 
germinated in the presence of pyrabactin were selected and mapped, leading to the 
identification of PYR1 and twelve PYR1 like alleles (PYL). Furthermore, experimental 
data from multi-locus mutants of PYR1/PYL proteins, HSQC NMR and yeast two hybrid 
interaction studies provided significant evidence to show that the PYR/PYL proteins can 
bind to (+)-ABA and ABA could promote the interaction between the PYR/PYL proteins 
and PP2Cs, which are the major negative regulators of ABA signaling (Antoni et al., 
2012). On the other hand, Ma et al., using yeast-two hybrid assay and isothermal titration 
calorimetry (ITC) interaction studies, showed that ABA bound RCAR proteins (also 
known as PYR/PYLs) could inhibit the phosphatase activity of PP2Cs, thereby reliving 
the inhibition on SnRKs (positive regulators) (Ma et al., 2009). Together, the 
experimental data from these two groups and many others clearly establish that the 
PYR/PYL/RCAR family of protein are bona fide ABA receptors and are involved in 
ABA perception and signaling, thus drawing the curtains on several years of hunt for 
ABA receptors (Melcher et al., 2009b; Miyazono et al., 2009; Nishimura et al., 2009; 
Okamoto et al., 2013; Santiago et al., 2009a; Yin et al., 2009; Zhang et al., 2012). 
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 PYR1 and PYL1-13 or RCAR (1-14) are intercellular ABA receptors, belonging 
to the STAr Related lipid Transfer (START) family of proteins (Iyer et al., 2001; 
Nishimura et al., 2010). The members of the PYL family share high sequence homology, 
and have hence been divided into three sub-families, as shown in the Fig. 1.5.  
 
 
Figure 1.5: Phylogenetic tree showing evolutionary relation among PYL 
proteins (Raghavendra et al., 2010). 
 
Structural analysis of these proteins has provided a great deal of insight into ABA 
binding, stereo-specificity and key amino acid residues involved in the interaction. 
Although structures of many members of the family have been determined in the apo 
form, bound with ABA or bound to different agonists and antagonists, the structure of 
PYR1 is used as an example here to explain in detail due to its relevance for this thesis 
(Li et al., 2013; Melcher et al., 2009b; Nakagawa et al., 2014; Nishimura et al., 2009; Yin 
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et al., 2009; Zhang et al., 2012). PYR1 adopts the Bet vI α/ȕ helix grip protein fold, 
comprising a long C-terminal α-helix flanking seven-strands of an anti-parallel ȕ-sheet 
(Gajhede et al., 1996). A hydrophobic binding pocket is formed between the ȕ-sheet and 
C-terminal α-helix that can accommodate ABA (Fig. 1.6). Upon binding, ABA induces a 
conformational change in PYR1, mainly in the three conserved loops namely, the proline-
cap motif (Val83-Asn90 , also known as gate loop) and the leucine-lock motif (Glu114-
Thr118, also known as latch loop) act as a cap to close the binding pocket, whereas the 
recoil motif (Met147-Phe159) recoils into helix αγ, facilitating cap closure, thereby trapping 
the ABA molecule inside the binding pocket (Nishimura et al., 2009). These 
conformational changes triggered by ABA create a new site for PP2C binding (Melcher et 
al., 2009b; Yin et al., 2009). Thus PYR/PYL proteins upon binding to ABA can interact 
with PP2C and inhibit its phosphatase activity. In the absence of ABA, the proline-cap 
and leucine-lock motifs adopt an open conformation, creating a passage for ABA into the 
binding pocket (Fig. 1.6).  
 
Figure 1.6: Cartoon diagram of crystal structure of PYR1 in open and 




 Each crystallographic asymmetric unit of PYR1 consists of two molecules,  
assembled as a homo-dimer (Santiago et al., 2009a). The possibility of the PYR1 dimeric 
arrangement in the unit-cell due to crystal packing was proven wrong from the 
experimental results of SAXS, MALS, Co-IP and size exclusion chromatography which 
provided evidence for formation of PYR1 homo-dimers in vivo and in solution 
(Nishimura et al., 2009). Binding of PP2C to ABA bound PYL protein promotes 
disassociation of these homo-dimers as the dimeric interface mainly consists of 
hydrophobic residues of the gate loop and the C-terminal helix which overlaps with PP2C 
binding interface. Therefore, according to the conformation adopted by ABA bound PYL 
proteins, they are divided into three sub-classes: cis-dimers (PYR1, PYL1 and PYL2), 
trans-dimers (PYL3) and monomers (PYL4-13; note that PYL7 is untested) (Li et al., 
2013). Table 1.1 shows the oligomeric state of different PYL proteins and their affinities 
to ABA. One can observe that monomeric PYL proteins have a higher binding affinity to 
ABA compared to the dimeric PYL proteins (Nakagawa et al., 2014). Intriguingly, the 
monomeric forms of PYL proteins exhibit constitutive PP2C inhibition in an ABA-
independent manner, unlike the dimeric form, which exhibits ABA-dependent inhibition 
on PP2C (Hao et al., 2011). This suggests that dimerization prevents these PYL proteins 
from being constitutively active and hence acts as a tight regulatory switch for ABA 
signal transduction. However, these claims are to be still validated. 
The overall structures of the PYR/PYL family members are very similar but have 
minor differences in the ABA binding pocket and PP2C binding region. Furthermore, the 
expression profile of the PYL proteins also differs greatly (Gonzalez-Guzman et al., 
2014; Leonhardt et al., 2004). These differences explain why PYL proteins have different 
affinity and stereo-specificity towards ABA and selective differential binding to PP2C 
family members and thereby allow PYLs to sense a gradient of ABA concentration and 
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elicit distinct responses to a variety of physiological signals (Antoni et al., 2012; Zhang et 
al., 2013). 
 
Table 1.1 Oligomeric states of different PYL proteins and its binding affinities to 
ABA. 
Protein Kd (µM) Oligomeric state References 
PYR1 97 (±36) Dimer (Dupeux et al., 2011) 
PYL1 52.0 +1.4 Dimer (Miyazono et al., 2009) 
PYL2 59.1 (±2.5) Dimer (Yin et al., 2009) 
PYL5 1.0 (±0.06) Monomer (Santiago et al., 2009c) 
PYL6 1.1 (±0.01) Monomer (Dupeux et al., 2011) 
PYL8 0.9 (±0.15) Monomer (Szostkiewicz et al., 2010) 
 
1.3.2  PP2Cs- negative regulators of ABA signaling 
  Protein phosphorylation and dephosphorylation is a major reversible post 
translational modification, used to regulate activity of proteins involved in signal 
transduction pathways. Many enzymes involved in signal transduction pathways are 
switched ON and OFF by phosphorylation (kinase) and dephosphorylation (phosphatase). 
Based on substrate specificity, protein phosphatases are classified into serine/threonine-
specific phospho-protein phosphatase (PPP) and metal ion dependent protein phosphatase 
(PPM), protein tyrosine phosphatase (PTP) and dual specificity phosphatase (DSP) (Luan, 
2003; Moorhead et al., 2009). PPPs are further classified into PP1, PP2A and PP2B sub-
families and are multimeric enzyme forms (Cohen, 1989; Pais et al., 2009). Metal ion 
requiring PPMs, also known as PP2Cs are monomeric enzymes and the largest protein 
phosphatase family in Arabidopsis, containing 76 members and displaying great diversity 
(Fuchs et al., 2013). PP2Cs are further clustered into 10 groups (A-J). Major Ser/Thr 
protein phosphatases involved in ABA signaling namely, ABI1, ABI2, HAB1, HAB2 and 
PP2CA, are all members of group A PP2C (Fig. 1.7) (Gosti et al., 1999; Sheen, 1998). 
PP2Cs pose two important features. Firstly they require Mn2+ or Mg2+ metal ion for their 
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phosphatase activity. Secondly, they are insensitive to okadaic acid, a naturally occurring 
phosphatase inhibitor. Hence they are different from PPP, which are sensitive to okadaic 
acid (Bertauche et al., 1996). 
 
 
Figure 1.7: Cladogram generated based on homology among group A 
PP2Cs (Schweighofer et al., 2004).  
 
 The evidence for group A PP2Cs to be part of ABA signaling was established by 
the characterization of two ABA–insensitive mutants, abi1-1 and abi2-1, obtained by 
mutagenized Arabidopsis seeds using ethyl methanesulfonate (Koornneef et al., 1984; 
Meyer et al., 1994). Both abi1-1 and abi2-1 were dominant negative mutants and 
exhibited irregularities in stomatal closure and seed germination. From further analysis, it 
was found that these two genes encode a homologous Mg2+ ion-requiring protein 
phosphatase, ABI1 and ABI2, respectively and are insensitive to okadaic acid, thus 
classifying them as members of PP2C family (Leube et al., 1998; Leung et al., 1997; Pei 
et al., 1997). ABI1 and ABI2 have similar domain architecture, composed of a conserved 
C-terminal catalytic domain (86% identity) and a variable N-terminal region (49% 






substitution at equivalent positions (ABI1 Gly180 and ABI2 Gly168) at the C-terminal 




Figure 1.8: Domain architecture of PP2C proteins. 
 
 
Although ABI1 and ABI2 are attributed to perform crucial functions in ABA 
signaling, it is yet to be proven that these phosphatases are regulators of ABA signaling, 
since both abi1-1 and abi2-1 were dominant negative mutants. Indeed, it is possible that 
wild type ABI1 and ABI2 might not have a significant effect on ABA signaling whereas 
gain-of function mutants might have effects on ABA signaling. However, further 
characterization of abi1-1 and abi2-1 intragenic revertant recessive mutants (loss-of 
function and reduction of function mutants, respectively), which exhibit increased seed 
dormancy and drought adoptive responses showed that lack or decrease in phosphatase 
activity leads to increased sensitivity to ABA (Gosti et al., 1999; Merlot et al., 2001) 
proving that ABI1 and ABI2 function as negative regulators of ABA signaling pathway. 
Revertant abi1-1 and abi2-1 mutants have a mutation in the catalytic site which decreases 
or abolishes the phosphatase activity, thus making these mutants ABA supersensitive. 
Furthermore, constitutive over-expression of ABI1 in maize protoplast inhibited ABA 
action. Nevertheless, only 50% of the PP2C activity was contributed by ABI1 and ABI2, 
thus implying the involvement of additional PP2Cs in ABA signaling (Merlot et al., 
2001). Further studies showed significant evidence that other PP2C family members, 
including HAB1, PP2CA and HAB2, also act as negative regulators of ABA signaling 
(Robert et al., 2006; Rubio et al., 2009; Saez et al., 2006; Saez et al., 2004). Six out of 
N 
- 
-C Phosphatase domain 
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nine family members of group A PP2C have been attributed to be involved in ABA 
signaling. 
 
Figure 1.9: Cartoon depicting structure of apo-ABI2 protein phosphatase 
bound to Mg2+ ions (PDB: 3UJK). 
 
The initial structural insight regarding the PP2C catalytic site was obtained from 
the crystal structure of human serine/threonine protein phosphatase (PP2C) (Das et al., 
1996). Furthermore, only the crystal structure of apo ABI2 is available (Soon et al., 
2012b). On the other hand, the crystal structures of PP2C in complex with different 
proteins have been determined. The ABI2 phosphatase domain adopts a typical PP2C fold 
with β five stranded ȕ-sheets, sandwiched between two pairs of anti-parallel α-helices, 
and as show in Fig 1.9, the catalytic site is formed by the central two ȕ-sheets, bound to 
Mg2+ ions (Soon et al., 2012b; Zhou et al., 2012). These Mg2+ ions indirectly coordinate 
with the phosphate group of the substrate and aid in the catalysis of the removal of 
phosphate from the substrate.  
Excluding plants, 15 genes in human, 7 genes in yeast, 10 genes in fly and 8 genes 
in worms coding for PP2Cs have been identified (Schweighofer et al., 2004). On the other 
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hand, nearly 80 PP2C encoding genes have been identified in Arabidopsis alone, 
suggesting the importance of PP2Cs in various signaling pathways in plants (Kerk et al., 
2002; Xue et al., 2008). It also indicates that PP2Cs perform diverse functions in plants 
compared to other eukaryotes. 
 
1.3.3  SnRKs- positive regulators of ABA signaling 
 The role of PP2Cs, as negative regulators of ABA signaling and the ABA 
dependent inhibition of PP2C phosphatase activity by PYL proteins have emphasized the 
importance of phosphorylation and dephosphorylation of PP2Cs substrates in ABA signal 
transduction. Furthermore, addition of the kinase inhibitor staurosporine suppresses ABA 
response element binding factor (ABF)-mediated ABA response in plants (Uno et al., 
2000). ABFs are the chief transcription factors, which are activated by phosphorylation in 
an ABA dependent fashion (Yoshida et al., 2010). They regulate the expression of ABA 
responsive genes, which encode enzymes and other transcription factors that aid in 
mitigating the damage caused by stress. All these results point towards the presence of a 
key kinase enzyme that plays a central role in ABA signaling (Acharya et al., 2013; 
Finkelstein et al., 2005). 
Li et al. successfully purified a 48 kDa AAPK protein kinase from fava beans 
which was activated by ABA in guard cells (Li and Assmann, 1996; Li et al., 2000). 
Later, Yoshida et al also identified 42 and 44 kDa ABA-activated serine/threonine protein 
kinases in Arabidopsis (Yoshida et al., 2002). The characterization of these kinases led to 
the identification of 10 genes from the SNF-1 Related Kinase 2 (SnRK2) family which 
was named as SnRK2A-SnRK2J (Boudsocq et al., 2004; Yoshida et al., 2002). Among 
these kinases, SnRK2E was shown to play a crucial role in ABA-induced stomatal closure 
as snrk2e knockout mutants presented wilty phenotype, when subjected to low humidity, 
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due to the loss of stomatal closure (Yoshida et al., 2002). Meanwhile, Mustilli et al. also 
identified the 42 kDa serine/threonine protein kinase Open Stomata 1 (OST1), activated 
by ABA in response to drought in guard cells. ost1 recessive mutants were essentially 
ABA insensitive (Mustilli et al., 2002). From further analysis, it was found that SnRK2E 
and OST1 were the same protein and is now named as SnRK2.6. Furthermore, double 
mutants of two other members of the SnRK2 family, snrk2.2 and snrk2.3, also showed 
ABA insensitive phenotype with abnormalities in seed germination and root growth (Fujii 
et al., 2007). ABA-induced expression of various genes containing ABA response 
elements (ABRE) were greatly reduced in the snrk2.2 and snrk2.3 double mutant. The 
triple mutant snrk2.2/snrk2.3/snrk2.6 displayed complete impairment in all ABA 
responses (Nakashima et al., 2009). Altogether, these experiments clearly proved that 
SnRK2.2, SnRK2.3 and SnRK2.6 are the key protein kinases that mediate ABA signaling 
in plants. 
SnRKs derived their name due to their homology with the yeast sucrose non-
fermenting 1 (SNF1) protein. The Arabidopsis genome contains 38 genes encoding for 
SnRKs (Hrabak et al., 2003). As shown in the Fig. 1.10, SnRKs are divided into three 
























Figure 1.10: Schematic representation of the classification of the SnRK 
family in Arabidopsis. 
 
The SnRK3 sub-family is the largest with 25 members and is also implicated in 
various stress responses. For example, SnRK3.11 (also known as SOS) is involved in 
conferring tolerance during salt stress (Liu et al., 2000). SnRK1 is a three membered 
family which has been implicated in metabolic regulation and reprogramming 
transcriptional response to stress (Baena-Gonzalez et al., 2007). The ten membered 
SnRK2 subfamily is further divided into three groups, based on ABA activation. Group 1, 
consisting of SnRK2.1, SnRK2.4, SnRK2.5 and SnRK2.10, is activated only by 
hyperosmotic stress. Group 2, comprising SnRK2.7 and SnRK2.8, is weakly activated by 
ABA whereas Group 3, composed of SnRK2.2, SnRK2.3 and SnRK2.6, is strongly 
activated by both ABA and hyperosmotic stress. 
SnRK 
SnRK1     
3 members 
SnRK2    
10 members 
















Group 3 SnRKs have a conventional kinase domain at the N-terminus along with 
two conserved domains at the C-terminus, namely domain I and domain II (Belin et al., 
2006). Domain I, also known as SnRK box, is conserved among all the SnRKs proteins 
and plays a key role in ABA-independent pathways. However, acidic domain II, also 
known as ABA box, is conserved only among ABA responsive SnRK2s and has been 









Figure 1.11: A Schematic representation of domain architecture of group 
3 SnRK2s. B Protein sequence alignment of domain II (ABA box) of 
SnRK2 group 3 proteins (Xie et al., 2011). Conserved acidic residues are 
highlighted in red.  
 
 Phosphorylation of key residues is required for the activation of SnRK2.6. 
Recombinant SnRK2.6, expressed in E.coli, was autophosphorylated and active. Mass 
spectrometric analysis of the recombinant protein revealed that Ser175 is phosphorylated. 
Furthermore, site directed mutagenesis of Ser175 greatly affected the kinase activity of 
SnRK2.6 both in vitro and in vivo, suggesting the importance of the phosphorylation of 
Ser175 in kinase activity (Belin et al., 2006). In addition to Ser175, mutations in Ser7, 
Kinase domain Domain I Domain II N C 
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Ser18 and Ser29 also greatly impair SnRK2.6 activity. Interestingly, mutation S43A made 
SnRK2.6 constitutively active. 
  It is known from the crystal structure of SnRK2.6 that the kinase domain 
adopts a canonical kinase fold with distinct N and C lobes. Ser175 is not visible in the apo 
SnRK2.6 structure due to its intrinsic flexibility but is clearly visible in the SnRK2.6-
HAB1 complex and is located in the activation loop (also known as T-loop) and docked 
into the active site of HAB1 phosphatase (Ng et al., 2011; Soon et al., 2012b; Yunta et al., 
2011a; Yunta et al., 2011b). This implicates that Ser175 is dephosphorylated by PP2C 
and the phosphorylation of Ser175 is important for kinase activity of SnRK2.6 (Fig. 
1.12A). The activation loop is conserved among all the ABA responsive SnRK2s and the 









Figure 1.12: A cartoon diagram of crystal structure of SnRK2.6 with 
activation loop show in pink and Ser 175 as green stick. (PDB code: 
3UJG) B Sequence alignment of SnRK2.2, SnRk2.3 and SnRK2.6. 







1.4  TERNARY COMPLEXES IN ABA SIGNALING 
 The balance between the activities of PP2C, regulated by ABA bound PYL 
proteins and SnRK fine tunes the cell’s response in an ABA dependent manner. This 
emphasizes the importance of interactions among the ABA signaling components in 
signal transduction and regulation. In the following sections receptor-PP2C and PP2C-
SnRK interactions are explained in detail.  
 
1.4.1  Gate-Latch-Lock mechanism 
 As described previously, upon binding to ABA, PYR/PYL proteins undergo 
conformational changes, mainly in the gate and latch loop (Melcher et al., 2009b; 
Miyazono et al., 2009; Nishimura et al., 2009; Santiago et al., 2009b; Yin et al., 2009). 
Upon ABA binding, the gate loop closes over ABA, thereby trapping it inside the binding 
pocket. Furthermore, the latch loop stabilizes gate closure. This conformational change 
creates a new binding site for PP2Cs. ABA bound PYL proteins acts as competitive 
inhibitors for PP2Cs (Ng et al., 2011). The crystal structure of the ABA receptor-PP2C 
complex gives better insight regarding the critical amino acids involved in this interaction 
(Melcher et al., 2009b; Yin et al., 2009). The first crystal structure of the receptor-PP2C 
complex was solved by Melcher et al., just after the discovery of PYL proteins as bona 
fide ABA receptors (Melcher et al., 2009b). The crystal structure of the ABA bound 
PYL2-PP2C complex in 1:1:1 stoichiometry was solved at 1.95 Å resolution. As shown 
in Fig. 1.13, the gate and latch loops of PYL2 are held closely against the active site of 
HAB1. The residues in the gate and latch loops interact with Asp243 and Gly246 at the 
active site of HAB1, thereby physically blocking the access for substrate to the catalytic 
site. On the other hand, Trp385 of HAB1 is inserted between the gate and the latch loops 
to form water mediated hydrogen bond with the ketone group of ABA. This interaction 
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acts as a lock to keep the gate and latch loops in a closed conformation. Henceforth, the 
mechanism of interaction between the ABA-bound receptor and PP2C is referred to as a 

















Figure 1.13: Cartoon diagram of crystal structure of ABA bound PYL2-
HAB1 complex. HAB1 is shown in blue, PYL2 in yellow, ABA as red 
spheres, Mg2+ ions as cyan spheres, gate loop of PYL2 in magenta, latch 
loop of PYL2 in light blue, W385 from HAB1 in light green sticks and 
G246 in red sticks (PDB: 3KB3). 
  
Site directed mutagenesis of Gly246 to Asp disrupted the interaction between the 
receptor and PP2C. This is in agreement with the dominant trait observed in the abi1-1 









position equivalent to Gly246 of HAB1 (ABI1 G180D, ABI2 G168D). The incapability 
of PYL proteins to bind to mutant PP2C allows them to be constitutively active. 
Therefore, both abi1-1 and abi2-1 are ABA insensitive mutants. Furthermore, the direct 
interaction of Trp385 of HAB1 with ABA provides substantial evidence for PP2C to be 
co-receptors for ABA. This supports the results from the interaction studies that suggest 
that the affinity of PYL proteins to ABA increases more than 10 fold in the presence of 
PP2C (Ma et al., 2009; Park et al., 2009). 
 
1.4.2  Molecular mimicry 
 In the absence of ABA, PYL proteins cannot inhibit PP2Cs. This allows PP2C to 
bind and dephosphorylate its downstream targets. The main target of PP2Cs in guard cells 
is SnRK2.6 (Fujii and Zhu, 2009; Lee et al., 2009; Umezawa et al., 2010). A better 
understanding regarding the interaction between PP2Cs and SnRK2.6 was obtained from 
the crystal structure of SnRK2.6, in complex with HAB1 (Soon et al., 2012b).  
 SnRK2.6 mimics an ABA-bound PYL protein while interacting with PP2Cs. The 
interaction interface of PP2Cs with SnRK2.6 largely overlaps with that of an ABA bound 
PYL protein. The structure of PP2Cs, in complex with SnRK2.6, differs from that of the 
receptor-PP2Cs complex with an RMSD (Root Mean Square Distance) of 0.6Å (between 
the entire set of Cα atoms of HAB1 in both the structures), suggesting that PP2Cs have a 
fairly rigid scaffold and both the interacting partners use the same mechanism to dock 








Figure 1.14: Cartoon diagram of crystal structure of SnRK2.6-HAB1 
complex. HAB1 is shown in blue, SnRK2.6 in yellow, S175 of SnRK2.6 
as red stick, W385 as cyan stick and MgCl2 as green spheres  (PDB: 
3UJG). 
 
As shown in Fig. 1.14, the major binding interface is formed by the interaction of 
the kinase domain of SnRK2.6 with the phosphatase domain of HAB1. The activation 
loop of SnRK2.6 is deeply inserted into the catalytic site of HAB1. This loop mimics the 
gate loop of PYL proteins in the receptor-PP2C complex. Ser175, located in the 
activation loop, is oriented towards the HAB1 catalytic site, allowing HAB1 to 
dephosphorylate it. This provides structural evidence of why Ser175 is preferentially 
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dephosphorylated by HAB1 and also the importance of Ser175 in the kinase activity of 
SnRK2.6 (Belin et al., 2006; Vlad et al., 2010). The ABA sensing Trp385 interacts with 
Arg139, Ile183 and Glu144 residues, located near the kinase catalytic cleft of SnRK2.6 
which mimics the cleft formed by the gate and the latch loops in the receptor-PP2C 
complex. 
HAB1 inhibits SnRK2.6 by a two-step mechanism. Firstly, substrate access to the 
SnRK2.6 kinase domain is physically blocked due to the interaction of the kinase domain 
with the phosphatase domain of HAB1. Secondly, HAB1 dephosphorylates the key 
Ser175 residue in the activation loop of SnRK2.6, required for its kinase activity (Fig. 
1.15). 
 
Figure 1.15: Diagrammatic representation of two-step mechanism adopted 
by HAB1 to inhibit the kinase activity of SnRK2.6 (Soon et al., 2012b).  
 
 
In addition to the interaction of the kinase domain with the phosphatase domain, 
SnRK2.6 also interacts with PP2C via the acidic C-terminal ABA box domain (Xie et al., 
2011; Yoshida et al., 2006). Although the electron density map for the ABA box is poorly 
resolved in the SnRK2.6-HAB1 complex structure, mutational analysis has shown that 
the acidic ABA box domain of SnRK interacts with the highly positive region in HAB1, 
located opposite to the kinase domain binding site (Li et al., 2013). Mutation of Arg505 to 
Ala in HAB1 completely abolishes the interaction of the SnRK2.6 ABA box with HAB1. 
Interestingly, PYL proteins can only compete with the kinase domain interaction with 
PP2C but not the ABA box interaction (Zhou et al., 2012). This allows a constant 
interaction with PP2C and SnRK through the ABA box. 
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1.5  SUMMARY OF ABA SIGNALING 
 The ubiquitous hormone ABA regulates diverse aspects of plant growth and 
development and is a central component of biotic and abiotic stress response (Lee and 
Luan, 2012; Wasilewska et al., 2008). In response to drought, ABA induces stomatal 
closure and also reprograms gene expression, leading to accumulation of metabolites, 
sugars and other protective molecule to mitigate the effect of stress. The discovery of 
PYR1/PYL proteins as bona fide ABA receptors set off a series of papers on structure 
determination of various components of the ABA signaling pathway as described in the 
previous sections. This has led to a better understanding of ABA perception and 
signaling, which was fairly unclear until then. Furthermore, in vivo and in vitro 
reconstitution experiments by the Jian-Kang zhu lab showed that PYR1/PYL receptors, 
PP2Cs and SnRK2s, are the major components of the ABA signaling pathway and are 
sufficient to trigger the expression of ABA stress adaptive responsive genes (Fujii et al., 
2009). In this classic experiment, protoplast from snrk2.2/2.3/2.6 triple mutant deficient 
in ABA response was used for transient protoplast assay. When the protoplast was co-
transfected with ABF2 and SnRK2.6, it led to the induction of a luciferase reporter gene, 
which was under the control of the RD29B (an ABA responsive gene) promoter. 
However, addition of PP2C led to complete inhibition of the reporter gene induction. 
Furthermore, co-transfection of PYL/PYR1 proteins, along with PP2C, SnRKs and ABF2 
in the presence of ABA led to the induction of luciferase reporter gene. This suggests that 
PYR1/PYL, PP2C and SnRK2 are essential components of ABA signaling and are 
sufficient to enable ABA mediated gene expression within the protoplast. Further, these 




In an unstressed condition, when ABA levels are low, PP2Cs inhibit the SnRK2.6 
kinase activity by dephosphorylating the catalytic Ser175 residue and by physically 
blocking access of the substrate to the kinase domain. In response to drought stress, ABA 
biosynthesis increases in vascular tissue (production site) and ABA is further transported 
to guard cells (target site). In guard cells, PYR1/PYL proteins sense a gradient of ABA 
concentrations due to difference in binding affinities among the PYL proteins. Upon 
binding to ABA, PYR1/PYL proteins competitively inhibit the phosphatase activity of 
PP2Cs. Furthermore, PP2Cs also act as a co-receptor for ABA and thus enhance the 
binding affinity of PYR1/PYL proteins towards ABA by more than 10 fold. This 
interaction relieves the inhibition of PP2C on SnRK2.6, thus allowing SnRK to 
phosphorylate its downstream targets comprising mainly of transcription factors (ABI3, 
ABI4, ABI5, ABFs), ion channels (SLAC, KAT1), enzymes (NADPH oxidases) and 
thereby reprograms gene expression and changes the ion profile of the cell, leading to 
stomatal closure (Brandt et al., 2012; Sato et al., 2009; Sirichandra et al., 2009; Yoshida 
et al., 2010) (Fig.1.14).  
ABA responsive genes contain ABRE (ABA responsive elements) cis-elements in 
their promoter region which are recognized by ABFs (ABRE binding factors) (Sibéril et 
al., 2001). ABFs (also known as AREBs) belong to group A bZIP sub-family, comprising 
of ABF2 (AREB1), ABF4 (AREB2) and ABF3 (Kim et al., 2004; Uno et al., 2000). 
Yoshida et al. (2010) showed that areb1, areb2, abf3 triple mutants have remarkable 
impairment in expression of stress-responsive genes highlighting the role of ABFs as 
master transcription factors regulating the expression of ABRE-dependent genes 
(Yoshida et al., 2010). In addition to ABFs, ABI3, ABI4 and ABI5 are the other key 
transcription factors involved in the expression of ABA induced-stress responsive genes 
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(Finkelstein et al., 2005; Finkelstein, 1994; Soderman et al., 2000). All these transcription 




Figure 1.16: Cartoon depicting ABA signaling in plants 
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1.6  ROLE OF H2O2 IN ABA-INDUCED STOMATAL CLOSURE 
 Reactive oxygen species (ROS) interact with various signaling molecules and 
plant hormones and form an intricate network, which is yet to be completely 
characterized (Song et al., 2014). Here, the role of hydrogen peroxide (H2O2), a versatile 
ROS molecule in ABA signaling, is explained in detail. For a long time, ROS molecules 
were considered as toxic by-products of aerobic metabolism, but have now been 
established as an important second messenger in plants and animals (Apel and Hirt, 2004; 
Slesak et al., 2007). In plants, they play widespread roles in immunity, cell death, biotic 
and abiotic stress, and regulation of stomatal closure (Kachroo et al., 2003; Kim et al., 
2010; Miller et al., 2008). ROS production is induced by stress-related phytohormones, 
such as jasmonate, salicylic acid, ethylene, and abscisic acid (Fig. 1.17).  













Figure 1.17: Role of hydrogen peroxide (H2O2) in plants. (ABA- Abscisic acid, 
JA-Jasmonate, SA- Salicylic acid, NO- Nitric acid)  (Adopted from Li et al., 2008) 
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H2O2 is a versatile ROS that functions as a rate limiting secondary signaling 
molecule in ABA-induced stomatal closure (Quan et al., 2008). Compared to other ROS, 
H2O2 is a relatively mild oxidant with a life span of 1 ms. Its ability to be rapidly 
generated and removed and to self-propagate over long distances makes H2O2, in spite of 
its toxicity, an ideal ‘early warning system’ for both abiotic and biotic stress in plants 
(Baxter et al., 2014; Rhee, 1999). H2O2 is predominantly formed as a by-product in 
photosynthesis, photorespiration and to a lesser extent in mitochondrial respiration. 
However, intracellular H2O2 concentration increases in the presence of various 
environmental stresses (Fig. 1.18) (Pucciariello et al., 2012). Plants have also developed 
an elaborate enzymatic (CAT, APX, PRX, GR) and non-enzymatic (GSH, tocopherol, 
flavanoid, ascorbic acid) antioxidant system for effective scavenging of H2O2 in the cell 
thereby maintaining a balance between production and scavenging, thus protecting the 
cell from oxidative damage (Apel and Hirt, 2004; Nakano and Asada, 1981). This balance 
is often disturbed during various stress conditions and excessive accumulation of ROS 
occurs. 
 Stomatal closure is an important mechanism adopted by plants to prevent water 
loss by transpiration during drought stress (Chaves et al., 2002). It is the earliest plant 
response to water stress mediated by ABA and is largely driven by a complex interplay of 
proton pumps and ion channels resulting in a net ion efflux and shrinking of guard cells 
(Schroeder et al., 2001). Early experiments have shown that exogenously applied H2O2 
has a remarkable effect on stomatal aperture (Price, 1990) and ABA induces H2O2 
synthesis during drought stress and hence, H2O2 is considered to play a key role in 
stomatal closure during drought (Zhang et al., 2001). 
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Figure 1.18: Origin of ROS in plants. (Adopted from Li et al., 2008) 
 
Plasma membrane bound NADPH oxidases are involved in enzymatic production 
of H2O2 in guard cells during stress (Foreman et al., 2003). Sirichandra et al., have shown 
that SnRK.6 can phosphorylate Ser13 and Ser174 residues and activate AtrbohF NADPH 
oxidase (Sirichandra et al., 2009). The double mutation of atrbohD/atrbohF leads to a 
decrease in ABA induced stomatal closure, compared to wild type (Kwak et al., 2003). 
However, application of H2O2 exogenously could restore stomatal closure in these double 
mutant plants. Further, addition of exogenous catalase (H2O2 scavenger) or DP1 (NADPH 
oxidase inhibitor) partly abolishes ABA-induced stomatal closure (Zhang et al., 2001). 
abi1 mutants are also defective in ROS production in response to ABA, suggesting that 
ABI1 acts upstream to ROS production (Murata et al., 2001). The dominant trait of the 
abi1 mutant exerts constant inhibition on SnRK2.6 and prevents the phosphorylation and 
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activation of NADPH oxidase by SnRK2.6. This leads to a decreased production of H2O2 
by NADPH oxidases.  
Furthermore, ABA induced ROS production is severely impaired in ost1 (snrk2.6) 
mutant plants (Mustilli et al., 2002). These experimental data collectively suggest that 
micromolar level of ABA induces H2O2 production in guard cells and H2O2 orchestrate 
downstream ABA signaling, leading to stomatal closure
. 
However, ABA also up-regulates 
the expression of catalase enzymes (eg: CAT1, CAT2), which can convert H2O2 into 
water and molecular oxygen and tightly regulate ROS levels inside the cell.  
Pei et al. provided extensive evidence to show that H2O2 activates Ca2+ ion 
channels, leading to Ca2+ influx and an increase in [Ca2+]cyt, which mediates ABA 
induced stomatal closure in guard cells (Murata et al., 2001; Pei et al., 2000). Cytosolic 
Ca2+ can activate the S-type slow anion channel associated1 (SLAC1) and NADPH 
oxidase in guard cells (Roelfsema et al., 2004; Siegel et al., 2009; Stange et al., 2010). 
Xenopus oocyte electrophysiology experiments have shown that SnRK2.6 and 
other calcium dependent protein kinases (CPK6, CPK23) can activate SLAC1 by 
phosphorylating Ser120 and Ser59 residues, respectively (Geiger et al., 2009; Maierhofer 
et al., 2014; Vahisalu et al., 2010). Intriguingly, ABI1 can directly dephosphorylate and 
SLAC1 (Brandt et al., 2012). Activation of SLAC1 leads to an efflux of anions (chloride, 
nitrate) from the cells thereby depolarizing the plasma membrane. Depolarization further 
activates outward K+ channels, leading to an efflux of potassium ions from the cell. To 
compensate the loss of anions and cations from the cell, water is expelled out. Loss of 
water from guard cells leads to loss of turgidity and stomatal closure. K+ uptake 
transporter 6 (KUP6), an outward-rectifying K+ channel that facilitates the efflux of K+ 
ions is activated upon phosphorylation by SnRK2.6 whereas, KAT1, an inward-rectifying 
K+ ion channel that facilitates the influx of K+ ion, is inactivated upon phosphorylation by 
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SnRK2.6 (Fig. 1.19) (Osakabe et al., 2013; Sato et al., 2009). A synergetic action of up-
regulation and down-regulation of various ion channels by ABA leads to loss of turgidity 
in guard cells and promotes stomatal closure. A complicated network formed by the 
interaction between different components of the ABA signaling pathway, ion channels, 
H2O2 and Ca2+ ions induces stomatal closure in response to drought stress and H2O2, acts 























Figure 1.19: Cartoon depicting the interaction between different ABA 
signal components, H2O2 and Ca2+ ions to bring out stomatal closure in 
response to drought stress. (A) Open stomata during unstressed condition, 




1.7  AIMS, SIGNIFICANCE AND PRELIMINARY RESULTS 
As described in section 1.5, addition of catalase (a H2O2 scavenger) or NADPH 
oxidase inhibitors greatly impairs ABA-induced stomatal closure, emphasizing the 
importance of H2O2 in ABA signaling (Zhang et al., 2001). Many proteins have been 
attributed to be H2O2 sensors, both in plants and mammalian cells. H2O2, being an 
oxidizing agent, can oxidize key thiol groups in proteins thereby altering protein activity, 
oligomerization state or sub-cellular localization (Calvo et al., 2013; Choi et al., 2001; 
Deb et al., 2011; van Montfort et al., 2003). In vitro biochemical analysis by the Grill 
group has shown that ABI1 and ABI2, two homologous protein phosphatases involved in 
ABA signaling, are sensitive to H2O2 and would probably act as H2O2 sensors. Both ABI1 
and ABI2 lost their phosphatase activity upon incubation with H2O2 with reported IC50 
values of 140 and 50 µM, respectively (Fig. 1.20A, B) (Meinhard and Grill, 2001; 
Meinhard et al., 2002). Furthermore, ABA was unable to induce ROS production in abi1-
1 mutant plants but ROS production mediated by ABA was unaffected in abi2-1 mutant, 
suggesting a complex regulatory connection. However, ABI1 and ABI2 contribute only 
50% of phosphatase activity in ABA signaling, suggesting a redundant function among 
different PP2C proteins. Hence, inhibition of the phosphatase activity of ABI1 and ABI2 
would not be sufficient to relieve the complete inhibition of PP2Cs on ABA signaling. 
This led us to question whether HAB1, another key PP2C involved in ABA signaling, is 
also sensitive to H2O2. Although, ABI1 and ABI2 have been shown to be sensitive to 
H2O2, the underlying mechanism for inactivation of these two phosphatases by H2O2 is 
yet to be elucidated. Therefore, the main objective of this thesis was to determine the 
effect of H2O2 on HAB1 and attempt to decipher the mechanism involved in the 





Figure 1.20: A Inactivation of ABI1 by H2O2. B Inactivation of ABI2 
(closed circles) by H2O2 (Meinhard and Grill, 2001; Meinhard et al., 
2002). 
 
Previously published data suggests that PYR1 can interact with HAB1 in the 
presence of ABA, and in the absence of ABA, HAB1 interacts with SnRK2.6. However, 
based on our preliminary experimental data (unpublished), it was hypothesized that 
SnRK2.6 can directly interact with PYR1.  Furthermore, ABA, receptor, PP2C and SnRK 
can form a quaternary transient complex and this complex may stabilize the direct 
interaction of SnRK2.6 with PYR1 and aid in receptor desensitization and attenuation of 
signal upon stress relief. 
 




 As shown in Fig. 1.21 (preliminary results), AlphaScreen interaction assay 
demonstrates that SnRK2 directly interacts with PYR1/PYL, ABA receptor proteins. 
SnRK2.6 interaction with PYR1 is stronger when compared to other PYL proteins. The 
scintillation proximity assay (SPA) further shows that SnRK2.6 can promote 
disassociation of ABA from the PYL3 receptor protein (Fig. 1.22). The co-
immunoprecipitation experiments by Nishimura et al. also provide substantial evidence 
for direct interaction between HA-SnRK2.3 and YFP-PYR1 (Nishimura et al., 2010). 
 
Figure 1.21: AlphaScreen interactions between H6GST-PYR/PYLs and 
biotin-SnRK2.3 and 2.6. Interaction between SnRK2.6 with PYR1 is 
stronger compare to other PYL proteins (unpublished data, Melcher et al). 
 
 
Figure 1.22: Scintillation proximity assay showing that SnRK2.6 can 
promote disassociation of ABA from PYL3 and this effect is independent 




Competitive AlphaScreen assays further indicate that PYL proteins cannot 
compete the interaction of SnRK2.6 with HAB1 (Fig. 1.23A). Furthermore, the SnRK2.6 
ABA box has failed to compete with the interaction of PYL and HAB1 in contrast to the 
SnRK2.6 kinase domain, which competes with this interaction (Fig. 1.23B), indicating 
that PYL2 can only compete with the interaction of the kinase domain of SnRK2.6 with 




Figure 1.23: Competitive AlphaScreen assay. (A) Untagged ABA receptor 
PYL2 failed to compete the interactions between His6-SnRK2s and biotin-
PP2Cs). (B) The SnRK2.6 kinase domain, but not the SnRK2.6 ABA box 
could compete the interaction between His6-PYL2/ABA and biotin-HAB1. 
(Error bar s.d. n=3) (Soon et al., 2012b). 
 
Together, this data suggests the possible formation of an ABA-receptor-PP2C-
SnRK2 quaternary complex. Henceforth, we aim to crystallize the quaternary complex 
and SnRK2-PYR1/PYL binary complex to identify the interaction interface between 
SnRK and PYR1/PYL proteins. Since the results from the AlphaScreen experiments show 
that PYR1 interacts better with SnRK2.6, we aim to crystallize the SnRK2.6-PYR1 
binary complex and ABA-PYR1-HAB1-SnRK2.6 complex since; HAB1 interacts 




The results from these projects will help us move a step further towards 
understanding the interactions between three core proteins involved in ABA signaling and 
the crosstalk between ROS and ABA signaling. This knowledge could be used to 
genetically engineer food crops to display desirable stress tolerant traits and prevent the 
loss of yield due to environmental stress such as drought, thus, may provide a solution for 




CHAPTER 2. MATERIALS AND METHODS 
 
2.1  CONSTRUCTS 
 His6-GST HAB1 (residues 171-511), His6-GST HAB1 (1-511), His6-MBP-HAB1 
(1-511), His6-GST-ABF2 (73-120), His6-GST-SnRK2.6 (11-362), His6-thioredoxin-biotin 
PYR1 (9-182), His6-thioredoxin-biotin SnRK2.6 (11-362), His6-thioredoxin-biotin 
SnRK2.6 (11-317), His6-thioredoxin-biotin HAB1 (171-511), His6-PYR1 (9-182), His6-
PYR1 (1-191), His6-PYL3 (29-209), His6-PYL3 (1-209) and His6-SnRK2.6 (11-362) 11 
amino acid linker HAB1(171-512) constructs were made by former graduate students of 
Melcher’s lab at the Van Andel Institute, Grand Rapids, USA.  
The His6-GST, His6-MBP and His6 constructs were cloned in the pET24a, pET-
DUET and pET16b expression vectors, respectively (Novagene). The His6-MBP-HAB1 
(171-511) phosphatase domain was cloned into the pET-DUET expression vector and 
His6-PYR1 (1-182) and (9-191) were cloned into pET16b expression vector by following 
the standard cloning protocol, between the BamHI and XhoI restriction sites. SnRK2.6 
(11-362) 11 amino acid PYR1 (9-182), PYR1 (9-182) 11 amino acid SnRK2.6 (11-362), 
PYR1 (9-182) 11 amino acid SnRK2.3 (11-362), PYL3 (29-209) 11 amino acid SnRK2.6 
(11-362) and PYR1 (9-182) 11 amino acid SnRK2.6 ABA box (333-362) constructs were 
obtained by circular polymerase extension cloning (CPEC) technique (Quan and Tian, 
2011). The constructs were then transferred into Omnimax cells for amplification and 
their integrity were confirmed by sequencing. Protein expression was achieved in E. coli 
BL21 (DE3) cells. 
 
2.2  SITE DIRECTED MUTAGENESIS 
To determine the key cysteine residue(s) of HAB1 involved in redox sensing, 
cysteine to serine mutations (C186S, C254S, C274S, C293S, C335S, C344S, C426S, 
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C44S and C474S) were introduced in the His6-GST and His6-MBP full 
length/phosphatase domain constructs by site directed mutagenesis. The HAB1 (171-511) 
R505A, H60P PYR1 (9-182), N-terminal residue PYR1 (1-191) mutants (P2A, S3E, 
E4A, L5D, T6A, P7A, E8A and E9A), Helix cap LT motif PYR1 (1-191) mutants were 
also made for AlphaScreen analysis. Surface entropy reduction (SER) mutations were 
also introduced in SnRK2.6 by site directed mutagenesis. The primers used for 
mutagenesis were designed using the QuikChange primer design software (Agilent).  
 
2.3  EXPRESSION AND PURIFICATION OF TAGGED RECOMBINANT 
PROTEINS 
Two liters of BL21 (DE3) cells were grown to an OD600 of 1.0, followed by 
induction with 100 µM of isopropyl-ȕ-D-thiogalactopyranoside (IPTG) at 16 °C. For 
HAB1 cultures, 10 mM MgCl2 was added during induction. After overnight incubation, 
the cells were centrifuged and cell pellets were stored at -80 °C until further use. 
The cell pellets were resuspended in 100 ml of buffer A (20 mM Tris, pH 8.0, 200 
mM NaCl, 10 mM MgCl2, 10% glycerol,) containing 5 mM ȕ-mercaptoethanol (BME), 
and 200 µl of saturated PMSF solution. Cells were lysed using a French Press at 1000 psi 
and lysates were centrifuged at 30,000 g for 30 min and the supernatant was loaded onto a 
5 ml Ni-chelating Hi-Trap column (Amersham Biosciences) equilibrated with buffer A 
using a peristaltic pump. The column was washed with 100 ml of Buffer A containing 20 
mM imidazole and the fusion protein was eluted with Buffer A containing 500 mM 
imidazole using an Akta purifier. The Ni-elute fractions were pooled and loaded onto 
Superdex 200/Superdex 75 gel filtration column (Amersham Biosciences), based on the 
protein yield, pre-equilibrated with buffer A. The fractions corresponding to the protein 
peak were further pooled and concentrated to a desired concentration using Millipore 
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centrifugal concentrators. The concentrations of proteins were measured using Bradford 
reagent or Qubit protein assay using a Qubit fluorometer. The aliquots of protein were 
flash frozen using liquid nitrogen and stored at -80 °C until further use. Purified protein 
samples were run along with protein markers on a denaturing 12% SDS PAGE to confirm 
molecular weight and purity. All His6 tagged proteins were purified using the above 
mentioned protocol.  
For crystallization, His6-PYR1 11 amino acid SnRK2.6 fusion construct was 
purified similarly but was separated on size column using gel filtration buffer composed 
of 20 mM Tris, pH 8.0, 200 mM ammonium acetate, 10% glycerol, 1mM DTT and 2mM 
EDTA. For quaternary complex, His6 SnRK2.6 11 amino acid HAB1 and His6 PYR1 was 
purified on size column separately in gel filtration buffer containing 10 mM MgCl2. Later, 
the purified proteins were mixed at 1:1.5 molar ratios, respectively. ABA/AM1 and/or 
staurosporine was added at 1.5 molar ratio and incubated for 4 hrs at 4 ᵒC and the 
complex was separated on a second size column in a gel filtration buffer containing 10 
mM MgCl2. Later, the peak fractions corresponding to quaternary complex or SnRK2.6-
PYR1 binary complex was pooled concentrated and used for crystallization.  
To obtain untagged proteins, Ni elutes were pooled and dialyzed overnight using 
10 kDa cut-off dialysis cassette (Thermo scientific) along with thrombin protease (1:500 
protease: protein ratio) in buffer A containing 5 mM BME at 4 °C. The constructs have a 
thrombin protease cleavage site between the tag and protein. After overnight protease 
cleavage, the protein samples were again loaded on to a pre-equilibrated 5 ml Ni-
chelating Hi-Trap column to separate untagged proteins from uncut proteins and the tag. 
The untagged protein was eluted using gradient elution with buffer A containing 500 mM 
imidazole using an Akta purifier. The corresponding protein fractions were pooled and 
further purified using size exclusion chromatography. 
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2.4  PURIFICATION OF BIOTINYLATED PROTEINS 
To generate biotinylated proteins for luminescence proximity assays 
(AlphaScreen), SnRK2.6 (residues 11-362), PYR1 (9-182aa) and HAB1 (171-511) open 
reading frames (orf) were cloned into a pET Duet (Novagen) derivative vector and were 
expressed in E. coli BL21 (DE3) cells. The first T7 polymerase-driven expression unit of 
this vector contained the SnRK2.6 or PYR1 or HAB1 orf as His6-thioredoxin-thrombin 
cleavage site-avitag fusion, and the second cloning site carried the E. coli biotin-ligase 
gene BirA. The 14 amino acid avitag functions as a defined in vivo biotinylation site in E. 
coli. Cells grown in the presence of 40 µM biotin were lysed and fusion proteins were 
purified using nickel HiTrap columns. Following the thrombin release of the His6-
thioredoxin tag, the biotinylated SnRK2.6/ PYR1/HAB1 proteins were loaded onto a 
second Ni column to separate the untagged proteins from tags. The untagged proteins 
were further purified by Superdex 200 gel filtration chromatography (Amersham 
Biosciences) in Buffer A. 
 
2.5  PHOSPHATASE ASSAY  
 The phosphatase activity of HAB1 was determined colorimetrically using a 
phosphatase assay kit (BioVision). The assay is based on the principle that a phosphatase 
reagent containing malachite green and ammonium molybdate forms a chromogenic 
complex with phosphate ion, giving an intense absorption band at 650 nm. The amount of 
released phosphate can be calculated using a standard curve obtained by measuring 
absorbance at 650 nm of different concentrations of inorganic phosphate in the presence 
of the phosphatase reagent.  
100 nM of recombinant HAB1 protein was incubated with 100 µM SnRK2.6 
activation loop phosphopeptide (HSQPK SP TVGTP) corresponding to residues 170-180 
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of SnRK2.6 containing the phosphorylated Ser175 residue (the key residue 
dephosphorylated by HAB1 in SnRK2.6) in phosphatase assay buffer (50 mM imidazole, 
5 mM MgCl2, 0.2 mM EGTA, pH7.2) for 30 min at room temperature (Soon FF, 2012). 
The reaction was terminated by adding a phosphate reagent and was further incubated for 
20 min. The amount of released phosphate was determined based on the absorbance at 
650 nm and was used to calculate the phosphatase activity of HAB1. Each reaction was 
conducted in triplicates. 
 
2.6  INCUBATIONS WITH H2O2, DTT, AND TCEP  
Recombinant HAB1 protein was incubated with different concentrations of H2O2 
for 30 min at 30 oC, followed by 5 min incubation with 10 U of the catalase enzyme to 
destroy H2O2 and the phosphatase activity was measured. For reactivation experiments, 
after H2O2 treatment, HAB1 was incubated with different concentrations of dithiothreitol 
(DTT), Tris 2-carboxyethyl phosphine (TCEP), or glutathione reduced (GSH) for 30 min 
at 30 oC, prior to measuring the phosphatase activity.  
 
2.7  KINASE ASSAYS  
50 nM (Fig. 3.12A) or 1 µM (Fig. 3.12.B) of His6-GST-SnRK2.6 were pre-
incubated for 30 min at room temperature with 30 nM of the wild type or the 
C186S/C274S mutant His6-MBP-HAB1 (1-511) protein, treated without or with H2O2 for 
30 min at 30 oC, in kinase/phosphatase buffer (25 mM Tris/Cl, pH 7.4, 5 mM MgCl2 and 
0.1 mM EGTA). This was followed by 15 min incubation with 0.2 mM unlabeled ATP, 
2.5 µCi [32P]-ȖATP, and β0 µM (Fig. γ.1βA ) or 0.β µM (Fig. 3.12B) of His6-GST-ABF2 
(73–120) in a total reaction volume of 15 µl. Reactions were terminated by adding 5µl of 
4x SDS sample buffer and boiling for 3 min at 95 oC . Subsequently, the reactions were 
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loaded on 10% Tricine SDS-PAGE gel and run at 100 V. The gels were stained overnight 
in colloidal Coomassie blue and destained until bands were visible clearly in 10% 
methanol-10% acetic acid destaining solution. Destained gels were placed on 3MM filter 
paper and were dried using a vacuum gel dryer. The dried gels were exposed to 
PhosphoImager screen for autoradiography and were imaged using a FLA-5000 phosphor 
imager (Fuji). To determine the effect of PYR1 on SnRK2.6 kinase activity, a similar 
protocol was used except that 1 µM of SnRK2.6 was incubated with 2 µM of PYR1 
instead of HAB1 for 30 min at room temperature in kinase buffer. 
 
2.8  ALPHASCREEN ASSAY  
 Interactions between SnRK2.6 (11-362) or the SnRK2.6 ABA box peptide and 
HAB1 (171-511) wild type, C186/274S double mutant and R505A mutant proteins, 
treated without or with H2O2 were assessed by luminescence proximity AlphaScreen 
assay (Perkin Elmer). Briefly, each test reaction contained 100 nM of biotin-SnRK2.6 or 
biotinylated ABA box peptide and 100 nM of His6-MBP-HAB1 wild type or mutant 
protein treated without or with H2O2 in AlphaScreen buffer (50 mM MOPS, pH 7.4, 50 
mM NaF, 50 µM CHAPS, 10 mM MgCl2 and 0.1 mg/ml BSA). Similarly, the interaction 
between different variants of His6 PYR1 wild type and mutants/ PYL3 and biotin-
SnRK2.6 was also determined. Each of these reactions contained 100nM of His6- PYR1 
and 100nM of biotin SnRK2.6 in AlphaScreen buffer. 
 Each reaction was thoroughly mixed with 5 µg/ml each streptavidin donor beads 
or Ni-acceptor beads and incubated at room temperature for 1 hour in the dark. The 
reaction mixture was aliquoted into 384-well microplate and the emission photon counts 
were measured using Envision 2104 plate reader (Perkin Elmer). As shown in Fig. 2.1, 
when the streptavidin donor bead is excited using a 680 nm laser beam, it emits singlet 
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oxygen, which is accepted by Ni-acceptor beads present in close proximity and emit 
radiation in the range of 520-620 nm. Donor and acceptor beads are held at close 
proximity only when the proteins that are cross linked to beads interact. Thus, photon 
counts directly indicate the interaction strength between biotinylated proteins bound to 
streptavidin donor beads and His6 tagged proteins bound to Ni-acceptor beads. The 
negative control reaction contained either a biotin tagged or His6 tagged protein with both 
donor and acceptor beads to eliminate signal arising from interaction of single protein 
with both donor and acceptor beads. For the interaction of PYR1 ABA receptor with 
HAB1, 100 nM biotin PYR1 (9-182) with 10 µM (+)-ABA and 100 nM of His6-MBP-
HAB1 wild type or mutant protein treated with or without H2O2 were used in the reaction.  
 
 
Figure 2.1: Pictorial representation of working principle of luminescence 
proximity AlphaScreen assay (Perkin Elmer). 
 
 
2.9   CHEMICAL CROSSLINKING  
To crosslink His6 SnRK2.6 11 amino acid HAB1 and His6 PYR1, different 
concentrations of gel filtration purified protein were incubated with different crosslinkers 
for 30 min.  Later, the reaction was stopped by adding Tris-glycine buffer. The samples 





CHAPTER 3. RESULTS  
 
3.1  PROTEIN PURIFICATION 
 Table 3.1 shows the list of proteins purified and their respective molecular 
weights. Both wild type and mutant proteins behaved well on gel filtration columns and 
yielded monomeric peaks. Mutation did not affect protein behavior on size exclusion 
columns except for C254S and C335S HAB1, which failed to purify (protein 
aggregation). The fractions were run on 12% denaturing SDS PAGE gel and peak 
fractions corresponding to expected molecular weight were pooled, concentrated and 
stored at -80 ᵒC for further use. The chromatograms corresponding to the purification of 
His6-MBP HAB1 full length wild type (wt) and His6-MBP HAB1 C186S/C274S full 
length proteins are shown in Fig. 3.1 and 3.2, respectively, and the SDS PAGE gel for 
corresponding gel filtration fractions are shown in Fig. 3.3.  
 










Protein Molecular weight 
His6-MBP HAB1 (1-511aa) 98 kDa 
His6-MBP HAB1 (171-511aa) 80.1 kDa 
His6-GST HAB1 (1-511aa) 80.7 kDa 
His6-GST HAB1 (171-511aa) 62.8 kDa 
Untagged HAB1 (1-511aa) 55.7 kDa 
Untagged HAB1 (171-511aa) 37.8 kDa 
His6-GST ABF2 (73-120aa) 33.1 kDa 









Figure: 3.1: His6-MBP HAB1 Ni-elution and gel filtration profile. (A) 
Ni-elution profile. Fractions corresponding to elution peak were pooled 
concentrated and loaded onto a S200 Superdex gel filtration column. (B) 
Gel filtration chromatogram of His6-MBP HAB1 wild type full length 
protein. Fractions from 16-21 corresponding to monomeric peak were 
pooled and concentrated. 122 ml is an aggregation peak and 223 ml is 





20 mM Imidazole wash 





Figure 3.2: Gel filtration chromatogram of His6-MBP HAB1 
C186S/C274S full length (98 kDa molecular weight). Fractions from 15-
20 corresponding to monomeric peak was pooled and concentrated. 
 
 
Figure 3.3: SDS PAGE gel of His6-MBP HAB1 full length wild type 
(lanes 2-7) and C186S/C274S (lanes 8-12) gel filtration fractions (GF) and 
Ni-elute (NE) fractions. Lanes: 1-marker, 2- GF 27, 3- GF 15, 4-GF17, 5-
GF19, 6-GF5, 7- NE, 8- GF25, 9-GF15, 10-GF17, 11-GF19 and 12-GF5. 
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3.2   REVERSIBLE OXIDATION OF HAB1 BY H2O2  
ABI1 and ABI2 , the two key PP2Cs of ABA signaling, have been shown to play 
important roles in ABA-mediated ROS signaling, and their catalytic activities are directly 
inhibited by H2O2 by an unknown mechanism (Meinhard and Grill, 2001; Meinhard et al., 
2002; Murata et al., 2001). During protein purification, it was observed that the activity of 
the related ABA-signaling PP2C HAB1 was also very sensitive to oxidizing conditions. 
To directly test whether HAB1’s phosphatase activity was affected by H2O2 treatment, 
the purified recombinant HAB1 protein was incubated with H2O2 in order to determine its 
ability to dephosphorylate a peptide corresponding to the phosphorylated activation loop 
of SnRK2.6, which is the main SnRK2 regulator of ABA signaling in guard cells and a 
physiological target of HAB1. On treatment with H2O2, HAB1 lost its activity with an 
IC50 of 340 µM (Fig. 3.4). Both full length HAB1(1-511) and the conserved class A PP2C 
phosphatase domain of HAB1(171-511), which is sufficient and required for interactions 
with ABA receptors and SnRK2 kinases (Soon FF, 2012), showed very similar sensitivity 
to H2O2 treatment, indicating that the non-conserved N-terminus of HAB1 is not required 
for H2O2-mediated HAB1 inactivation. Furthermore, inactivation was partially reversible. 
Treatment with 1 mM H2O2 completely (>95%) abolished HAB1 phosphatase activity, 
while subsequent incubation with reducing agents, such as DTT and TCEP, restored 55% 
and 65% of its original activity, respectively (Fig. 3.5). Treatment with reduced 
glutathione (GSH) was less efficient and could only restore 30% of the initial HAB1 
phosphatase activity even at 10 mM concentration, similar to what had been reported for 







Figure 3.4: HAB1 is sensitive to H2O2. HAB1 full length (1-511) and 
phosphatase domain (171-511) are sensitive to H2O2 treatment and lost 




Figure 3.5: Reversible oxidation of HAB1 by H2O2. HAB1 treated with 
1 mM of H2O2 completely loses its activity but when incubated with 
reducing agent partial activity is regained (n=3, error bar represent s.d.). 
 
3.3 C186 AND C274 MEDIATE OXIDATIVE INACTIVATION OF HAB1 
  Cysteines have been attributed to be the most common redox sensors in proteins. 
Therefore, mutation of cysteine residue in the phosphatase domain of HAB1 was first 
tested to determine whether it would affect inhibition by H2O2. As shown in the Fig. 3.6, 
HAB1 has 9 cysteine residues. All the nine cysteine residues were mutated into serine and 
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were purified. However, Cys254 and Cys335 failed to purify (proteins aggregated) and 
hence were omitted from further analysis. The remaining seven mutant proteins were 
incubated with increasing concentrations of H2O2 and their phosphatase activities were 
determined. Two of the mutant proteins, C186S and C274S, showed significant protection 
against inactivation by H2O2 (Fig. 3.7). Furthermore, HAB1 with C186S/C274S double 
mutations retained ~70% of their phosphatase activity even after treatment with 1 mM 
H2O2, compared with wild type HAB1, which retained only <5% of its original activity 
(Fig. 3.8), indicating that oxidation of both of these two cysteines contributes to HAB1 
inactivation. Together, these results strongly suggest that Cys186 and Cys274 residues 
may function as key redox sensing thiols in HAB1. 
 
Figure 3.6: Protein sequence alignment of HAB1, ABI2 and ABI1 
phosphatase domain. Cysteines in the phosphatase domain of HAB1 are 
indicated by black boxes and black asterisks. C186 and C274 are 
highlighted by red asterisks. The numbers on top of the alignment indicate 











Figure 3.7: Phosphatase activity of Cys to Ser HAB1 mutants treated 
with H2O2. Each of the seven cysteines of HAB1 was mutated to serine 
and incubated with different concentrations of H2O2 and its phosphatase 
activity was determined (n=3, error bar represent s.d.). 
 
 
Figure 3.8: HAB1 C186S/C274S mutant protein is resistant to 
inactivation by H2O2. Double cysteine mutation of C186S and C274S 
made HAB1 significantly tolerant towards H2O2 treatment. Compared to 
wild type, double mutant HAB1 retained 70% of its original phosphatase 






3.4 H2O2 AT MODERATE CONCENTRATIONS INDUCES FORMATION OF 
CATALYTICALLY INACTIVE HAB1 DIMERS 
As shown in Fig. 3.9, the crystal structure of HAB1 illustrates that the key 
cysteine residues C186 and C274 are located opposite to the catalytic cleft, excluding the 
possibility of them being directly involved in catalytic activity (Okamoto et al., 2013). 
Furthermore, C186 and C274 are 22.5 Å apart from each other, and there is no other 
cysteine residue in the vicinity (Fig. 3.9). Hence, without major conformational 
rearrangements, an intramolecular disulfide bond is unlikely to form. To test whether 
HAB1 oxidation leads to the formation of intermolecular disulfide bonds, we fractionated 
wild type and C186S/C274S mutant HAB1 phosphatase domain, either untreated or 
treated with 0.3 mM H2O2 for 30 min at 30 oC, by size exclusion chromatography. As 
seen in Fig. 3.10, both wild type and C186S/C274S double mutant His6-MBP-HAB1 
(171-511) eluted as monomers in the absence of H2O2-treatment. In contrast, when treated 
with 0.3 mM H2O2, the wild type HAB1 phosphatase domain eluted as two nearly equally 
sized peaks, corresponding to dimer and monomer fractions (Fig. 3.10A), while the 
corresponding C186S/C274S mutant protein eluted only as a monomer in the presence of 
0.3 mM H2O2 (Fig. 3.10B). Separation of the size exclusion chromatography fractions by 
reducing and non-reducing SDS PAGE (Figs. 3.10 A, B bottom panels) demonstrated that 
H2O2-treated wild type HAB1 from the dimer fractions migrated as dimers under non-
reducing conditions and as monomers under reducing conditions, indicating that dimers 
are formed by intermolecular disulfide bonding. When we tested the fractions containing 
the untreated (monomer) wild type and mutant HAB1 proteins as well as the H2O2-treated 
wild type (monomer and dimer) and mutant (monomer) fractions, we found that dimeric 
HAB1 lost more than 50% of its phosphatase activity while monomeric HAB1 had the 
same or only slightly reduced phosphatase activity compared to that of the untreated 
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protein (Fig. 3.11). Together, these results strongly suggest that the partial loss of HAB1 
phosphatase activity upon treatment with 0.3 mM H2O2 is due to the formation of 
catalytically compromised HAB1, generated by the formation of intermolecular disulfide 
bonds involving Cys186 and Cys274.  
 
 
Figure 3.9: Crystal structure of HAB1. Ribbon representation of the 
HAB1 phosphatase domain (PDB: 4LA7) with C186 and C274 presented 
as stick models and the remaining cysteine residues as yellow patches. The 
SnRK2.6 interacting site is shown in magenta and MgCl2 ions as magenta 







Figure 3.10: H2O2 induces formation of HAB1 dimers that are 
catalytically compromised. A, B, upper panels: Gel filtration profiles of 
HAB1 wild type and C186S/C274S mutant protein in the presence and 
absence of 0.3 mM H2O2. Wild type His6-MBP-HAB1 elutes as monomers 
in the absence of H2O2 (blue chromatogram) and as a mixture of dimers (at 
60 ml elution volume) and monomers (at 70 ml) upon treatment with 0.3 
mM H2O2 (red chromatogram). In contrast, His6-MBP-HAB1 
C186S/C274S elutes exclusively as monomers. *MW: molecular weight 
standards; mAU: absorbance at 280 nm x 1000. Lower panels: Reducing 
and non-reducing SDS PAGE of gel filtration fractions of wild type and 





Figure 3.11: Phosphatase activity of dimer and monomeric gel 
filtration peaks of wild type and C186S/C274S double mutant. 
Phosphatase activity of HAB1 wild type dimer and monomeric peak 
separated by gel filtration column after treatment with 0.3 mM H2O2 
showed that dimeric peak has 50% activity of monomeric peak indicating 
that 0.3 mM H2O2 induces dimerization and inactivation of HAB1. 
 
 
3.5 H2O2 REVERSIBLY INACTIVATES THE ABILITY OF WILD TYPE 
HAB1, TO INHIBIT SNRK2.6 KINASE ACTIVITY 
In the absence of ABA, HAB1 binds to ABA-signaling SnRK2s and inhibits their 
kinase activity. In the presence of ABA, HAB1 forms complexes with PYR/PYL/RCAR 
receptors that keep HAB1 in an inactive form, thereby relieving inhibition of SnRK2s and 
allowing SnRK2s to phosphorylate their downstream targets. To test whether H2O2 
treatment could also relieve PP2C-mediated SnRK2 inhibition, we performed radioactive 
kinase assays using purified SnRK2.6/OST1, the key SnRK2 protein in guard cells, in the 
presence and absence of untreated and H2O2-treated HAB1. At a close to 1:1 
HAB1:SnRK2.6 stoichiometric ratio, HAB1 strongly inhibited the phosphorylation of a 
fragment from ABF2, a physiological substrate of SnRK2.6, as previously reported (Soon 
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FF, 2012) (Fig. 3.12A). Even in the presence of a 30-fold higher concentration of 
SnRK2.6 than HAB1, HAB1 still effectively inhibited SnRK2.6 autophosphorylation, 
which is more sensitive to inhibition than transphosphorylation (Fig. 3.12B). At this ratio, 
HAB1 partially inhibited transphosphorylation of ABF2 (Fig. 3.12B), consistent with the 
requirement of 1:1 HAB1:SnRK2.6 complex formation for full inhibition of SnRK2.6 
kinase activity. Similar to ABA bound PYR1/PYL protein, treatment with 1 mM H2O2, 
which inhibits more than 95% HAB1 phosphatase activity, completely abolished the 
ability of HAB1 to inhibit SnRK2.6 auto- and transphosphorylation activity at 
substoichiometric levels (Fig 3.12B), and strongly compromised its ability to inhibit 
SnRK2.6 transphosphorylation at near stoichiometric levels (Fig. 3.12A). More 
importantly, the HAB1 C186S/C274S mutant continued to exert inhibition on SnRK2.6 
and thereby prevented both auto-phosphorylation of SnRK2.6 and transphosphorylation 
of ABF2 even after treatment with 1 mM H2O2 (Figs. 3.12A, B). Thus, the kinase assay 
results show that H2O2 treatment can lead to inhibition of HAB1, thereby allowing 
SnRK2.6 autoactivation and substrate phosphorylation. Together, these results indicate 
that H2O2 at high concentrations can inhibit HAB1 to activate SnRK2.6 kinase in the 
absence of ABA-bound PYR/PYL/RCAR receptors and that this inhibition requires 
HAB1 Cys186 and Cys274 as oxidation-sensitive thiols. 
The concentration of HAB1 used to analyze the effect of H2O2 on SnRK2.6 
autophosphorylation was determined by incubating different concentrations of untreated 
wild type HAB1 with 1µM of SnRK2.6. The lowest concentration (30 nM) of HAB1 that 







Figure 3.12: H2O2 prevents the HAB1-mediated inhibition of SnRK2.6 
kinase activity. (A) SnRK2.6 trans-phosphorylation activity at high (30:50 
molar) HAB1:SnRK2.6 ratio. (B) SnRK2.6 auto- and trans-
phosphorylation activity at low (30:1000 molar) HAB1:SnRK2.6 ratio. 
Recombinant SnRK2.6 was incubated at the indicated concentrations with 
a fragment of the transcription factor ABF2 [GST-ABF2 (73-120 aa)] and 
with 32P-ATP in the presence and absence of H2O2-treated wild type (wt) 





Figure 3.13: Kinase assay showing inhibition SnRK2.6 by wild type 
HAB1 at different concentrations. HAB1 concentration in the rage of 
0.001 to 1000 nM was incubated with 1µM of SnRK2.6 to determine the 
lowest concentration of HAB1 required for inhibiting autophosphorylation 
of SnRK2.6. From the kinase assay 30 nM of HAB1is sufficient to exert 




3.6 H2O2 INHIBITS DIRECT INTERACTION OF HAB1 WITH SnRK2.6 
The crystal structure of the SnRK2.6/HAB1 complex revealed that the catalytic 
clefts of the SnRK2.6 kinase domain and the HAB1 phosphatase domain directly interact 
with each other (Soon FF, 2012). This packing enables HAB1 to inhibit SnRK2.6 kinase 
activity by two different mechanisms: catalytically, by dephosphorylating Ser175 of the 
kinase activation loop, which is inserted deeply into the HAB1 catalytic cleft, thereby 
reducing SnRK2.6 kinase activity, and stoichiometrically, by forming a complex in which 
HAB1 sterically blocks SnRK2.6 substrate access and keeps the kinase domain in an 
inactive and wide-open conformation. The latter mechanism completely inhibits kinase 
activity of SnRK2.6/HAB1 complexes, even when complexes are formed with 
catalytically inactive HAB1 mutant protein (Soon FF, 2012). We therefore wanted to test 
if the H2O2 treatment of HAB1 would also affect its stable physical interaction with 
SnRK2.6, thereby blocking both mechanisms of SnRK2.6 inhibition. Using an 
AlphaScreen luminescence proximity assay, we could detect a clear interaction between 
biotinylated SnRK2.6 and His6-MBP-tagged wild type and C186S/C274S HAB1 (Fig. 
3.14). Treatment with either 0.3 mM (Fig. 3.14A) or 1 mM (Fig. 3.14B) H2O2 strongly 
reduced the interaction with wild type HAB1, but had no effect on the interaction with 
HAB1 mutant proteins. This demonstrates that H2O2 treatment indeed inhibits both HAB1 
catalytic activity, required to reduce SnRK2.6 kinase activity at low PP2C levels, and 
stable SnRK2.6–HAB1 interaction, required for full kinase inactivation at high PP2C 
levels. On the other hand, HAB1 C186S/C274S could interact with SnRK2.6 irrespective 
of its treatment with H2O2, further supporting that these two cysteines are critical for 
redox sensing.  
HAB1 and SnRK2.6 interact with each other via two discrete interaction surfaces: 
the first interaction interface is formed by the catalytic sites of SnRK2.6 and HAB1, and 
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that interaction is required for inhibition of SnRK2.6 by HAB1. The second interface is 
between the flexible C-terminal ABA box motif of SnRK2.6 and the positively charged 
region of HAB1 located opposite to the catalytic site, which stabilizes the interaction 
without directly contributing to inhibition of the kinase activity. Treatment with 0.3 mM 
H2O2 had no effect on the specific interaction between HAB1 and the SnRK2.6 ABA box 
(Fig. 3.14A), further demonstrating that this treatment does not simply lead to 
denaturation or gross misfolding of wild type HAB1, and indicating that inhibition of the 
SnRK2.6-HAB1 interaction is likely due to the reduced ability of SnRK2.6 to interact 
with the catalytic site of H2O2–treated HAB1. In contrast, treatment of HAB1 with 1 mM 
H2O2 led to the formation of higher molecular weight oligomer species (Fig. 3.14C) and 
to the loss of the interaction between HAB1 and ABA box peptide (Fig. 3.14B). We 
cross-validated the selective inhibition of only the HAB1–SnRK2.6 interaction of the 
catalytic sites at 0.3 mM H2O2 using the His6-MBP-HAB1 R505A mutant protein, which 
is incapable of binding to the SnRK2.6 ABA box peptide and hence can only interact with 
SnRK2.6 via the catalytic site interaction (Soon FF, 2012). The HAB1 R505A mutant 
protein behaved very similar to wild type HAB1, confirming that only the catalytic site 
interaction is effected by treatment with 0.3 mM H2O2 (Fig 3.14A, B). 
Given that treatment with moderate concentrations of H2O2 appears to affect both 
activities at the catalytic site (phosphatase activity and SnRK2.6 interaction), it was 
mainly attributed to oxidation at this site. we reasoned that oxidation likely modulates this 
site. The ‘gate’ loop of the PYR/PYL/RCAR receptors also binds to the catalytic cleft of 
HAB1, mimicking the activation loop of SnRK2.6, and receptors and SnRK2 kinases 
compete for binding to the HAB1 catalytic site. We therefore tested whether H2O2 
treatment of HAB1 also affected the ABA-inducible interaction with the PYR1 receptor 
in the presence of ABA. As shown in Figs. 3.14A and B, the H2O2 treatment reduced the 
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binding signal of wild type HAB1, but not HAB1 C186S/C242S, by more than 70%, 






































Figure 3.14: H2O2 inhibits the direct interaction of HAB1 with 
SnRK2.6 and PYR1. A, B) AlphaScreen assays showing interactions 
between His6-MBP-HAB1(171-511) wild type, C186/274S double mutant 
and R505A mutant protein and biotin-SnRK2.6(11-362), biotin-SnRK2.6 
ABA box peptide and biotin-PYR1(9-182 aa) in the absence or presence of 
0.3 mM (A) or 1 mM H2O2 (B). Controls are HAB1 proteins in the absence 
of SnRK2.6 or PYR1 as well as SnR2.6 or PYR1 in the absence of HAB1 
(n=3, error bar represent s.d.). C) Non-reducing SDS PAGE of untreated 
wild type HAB1 (-) and HAB1 treated with 1 mM of H2O2 (+) showing 




CHAPTER 4. DISCUSSION  
 
In this study, we show that HAB1, like ABI1 and ABI2, is sensitive to H2O2 
treatment. This result was along expected lines since all three PP2Cs are functionally 
redundant and are co-localized in guard cells, suggesting that they need to be collectively 
inhibited to prevent SnRK2.6 inhibition in vivo. Although HAB1 is less sensitive to 
H2O2, when compared with ABI1 and ABI2, the experimental findings from Meinhard et 
al. indicate 0.1 to 0.3 mM as the intracellular resting levels of H2O2 in Arabidopsis 
without taking into account the subcellular compartmentalization (Meinhard et al., 2002). 
There may also be a localized increase in H2O2 levels during stress. These levels are 
further consistent with the ones determined in tobacco leaves, suggesting that oxidation of 
HAB1 by H2O2 is physiological at an IC50 of about 0.3 mM (Creissen et al., 1999). A 
partial inactivation of HAB1 at these levels could also play a major role in activating 
downstream signaling of the ABA pathway. Micromolar levels of ABA induce H2O2 
production in guard cells by activating NADPH oxidases. In turn, H2O2 can inactivate 
PP2Cs, the major negative regulators of ABA signaling, suggesting that regulation of 
PP2Cs by H2O2 may act as a feedback mechanism to amplify ABA downstream 
signaling. PP2C inhibition allows activation of SnRK2, a major limiting factor of the 
ABA signaling pathway leading to the closure of stomatal pores during water stress and 
activation of other downstream targets. On the other hand, inactivation of HAB1 by H2O2 
is partially reversible. Our reactivation assays with DTT and TCEP could restore 55-65% 
of the initial activity of HAB1 (Fig. 3.5). HAB1, when treated with 1 mM H2O2, led to the 
formation of higher order oligomers (Fig. 3.13C), suggesting that at this concentration 
outside of a cellular environment some protein molecules might have been denatured. 
This could be the reason why 100% activity could not be restored using reducing agents. 
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These findings suggest that H2O2, generated during water stress, can oxidize and 
inactivate HAB1, while upon stress relief HAB1 could be reactivated by cellular reducing 
thiols, allowing it to inhibit its substrates, including SnRK2s and terminate downstream 
signaling.  
Full length HAB1 and its phosphatase domain alone showed similar sensitivity to 
H2O2, suggesting that the phosphatase domain is sufficient for oxidative inactivation (Fig. 
3.4). We replaced each of the nine cysteines of the phosphatase domain with serine and 
identified Cys186 and Cys274 as the key residues that are susceptible for oxidative 
inactivation by H2O2, as the C186S/C274S HAB1 double mutant was almost completely 
insensitive to H2O2 treatment (Fig. 3.6). This is consistent with the PAO inhibition studies 
on ABI1 and ABI2 which also suggest cysteine residue(s) as probable candidates for 
oxidation by H2O2 (Meinhard and Grill, 2001). The requirement of Cys186 and Cys274 
for the inhibition
 
of both phosphatase activity and kinase binding further supports their 
role as redox sensing thiols in HAB1. 
Protein phosphatases have been one of the major targets of H2O2-mediated 
oxidation (Rhee et al., 2000). Many phosphatases have nucleophilic cysteine residues at 
their catalytic site which upon oxidation form inter/intra molecular disulfide bonds, 
sulfenamide intermediates, or glutathione conjugates to inactivate their phosphatase 
activities (Denu and Tanner, 1998; Di et al., 2012; Lee et al., 2002; van Montfort et al., 
2003; Walchli et al., 2005). However, Cys186 and Cys274 are at a distal position from 
the HAB1 catalytic site (Fig. 3.9), excluding the possibility that these two residues could 
be directly involved in either catalysis or in the SnRK2.6 interaction mediated by the 
catalytic site interface. Incubation of wild type HAB1, but not HAB1 C186S/C174S, with 
0.3 mM H2O2 induced formation of dimers that were fully convertible to monomers under 
reducing conditions (Fig. 3.10). In contrast to the monomeric fractions, HAB1 from the 
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dimeric fraction was compromised in both catalytic activity and physical interaction with 
its main downstream target, SnRK2.6, and its upstream regulator PYR1. Collectively, 
these results suggest that moderate concentrations of HAB1 lead to the formation of 
dimers by intermolecular disulfide bonds that involve Cys186 and Cys274. The position 
of these two cysteines, distal to the HAB1 catalytic site, indicates that dimer formation 
would not restrict substrate access to the catalytic cleft. Though these experimental results 
do not directly determine the mechanism, they suggest that reversible dimerization by the 
oxidation of Cys186 and Cys274 may cause conformational changes, which in turn would 
lead to an altered catalytic cleft. Conformational changes by oxidation-induced formation 
of a disulfide bond between two distant cysteine residues was first observed for the 
bacterial redox sensor OxyR (Choi et al., 2001).  
Based on our results we therefore propose a model to explain the mechanism by 
which H2O2 regulates HAB1 (Fig. 4.1). Oxidation of Cys186 and Cys274 at moderate 
H2O2 levels leads to dimerization by intermolecular disulfide bond formation. This dimer 
species is associated with changes at the catalytic site that partially inactivate the 
enzymatic activity of HAB1 and block the interaction with its substrates, including that of 
the SnRK2.6 kinase. At high H2O2 concentrations, HAB1 forms oligomeric species that 
are both catalytically inactive and incapable of binding to its interacting partners, 
suggesting that the oligomeric species may be largely inaccessible to its substrates and 
possibly also to peptide substrate. The combined effect of the inhibition of catalytic 
activity and substrate binding of HAB1 can lead to activation of its substrates which 
mediates stomatal closure during water stress. Hence, HAB1 can act as a redox-sensing 
switch, supporting that H2O2-mediated PP2C inactivation may play a major role in the 





Figure 4.1: Cartoon representation of the regulation of HAB1 by H2O2 
during water stress. In the absence of stress, HAB1 inhibits the kinase 
activity of SnRK2.6. However when stress arises and there is an increase 
in ABA mediated H2O2 levels in the cells, H2O2 inhibits phosphatase 
activity of HAB1 by oxidizing two key thiols - Cys186 and Cys274 thus 
facilitating to form a intermolecular disulphide bond leading to formation 
of catalytically inactive HAB1 dimers. This leads to activation of 
SnRK2.6, which phosphorylates its downstream targets and bring about 
stomatal closure thereby preventing loss of water by transpiration through 





CHAPTER 5. RESULTS 
 
5.1  N-TERMINALLY TRUNCATED MONOMERIC PYR1 INTERACTS WITH 
SnRK2  
 For preliminary interaction studies with SnRK2, we used the PYR1 (residues 9-
182) protein, which is truncated at both the N and C-termini (Fig.1.21). We also tested if 
full length PYR1 (1-191) could interact with SnRK2. Furthermore, we tested if the H60P 
mutation in PYR1 (9-182) had any effect on the interaction. Residue His60 has been 
shown to play a key role in PYR1 dimerization and mutation to proline residue would 
shift the equilibrium towards monomers (Dupeux et al., 2011). We expressed all the three 
variants with a His6 tag and purified them by size exclusion chromatography. As shown 
in Fig. 5.1, the full length H6-PYR1 (1-191) protein eluted as a dimer, as expected and is 
consistent with the small-angle light-scattering (SAXS) and multi-angle light-scattering 
(MALS) results from Nishimura et al. which also showed that full length PYR1 exists as 
a dimer in solution in the absence of PP2C and ABA (Nishimura et al., 2009). 
Interestingly, truncated H6-PYR1 (9-182) eluted as a monomer. Truncating PYR1 by 
removing 8 N-terminal residues and 9 C-terminal residues strongly reduced the 
dimerization. Even though we know from the crystal structure of PYR1 the N-terminal 
region is not directly involved in dimerization, nevertheless, it clearly has an effect, on 
PYR1 dimerization based on our size exclusion elution profile. The H6-PYR1 (9-182) 
H60P mutant, as expected, also eluted as a monomer. Furthermore, AlphaScreen 
interaction assays of all the three PYR1 proteins with SnRK2.6/2.3 demonstrated that 
monomeric PYR1 (9-182) could interact with SnRK2.6/2.3. The PYR1 (9-182) H60P 
mutant also showed interaction with SnRK2.6 (SnRK2.3 was not tested). However, the 
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dimeric full length PYR1 protein failed to interact with SnRK2.6 and showed a very weak 
interaction with SnRK2.3 (Fig. 5.2). This result is consistent with the previous report of 
co-immunoprecipitation of full length PYR1 with SnRK2.3 but not with SnRK2.6 
(Nishimura et al., 2010). However, these results point towards the possible interaction of 
SnRK with the monomeric, but not dimeric, form of PYR1 and/or a possible overlap of 
the dimerization interface with the PYR1-SnRK interaction site.  
 
Figure 5.1: Chromatogram showing the elution profile of different PYR1 
proteins on a S200 Superdex size exclusion column. H6- PYR1 (9-182aa) (blue 
curve) and PYR1 (9-182aa) H60P mutant (dotted brown curve) eluted at 224 and 
226 ml respectively corresponding to the monomeric molecular weight of 22 
kDa. H6-PYR1 (1-191) full length protein (grey curve) eluted at 203 ml 
corresponding to dimer molecular weight of 48 kDa. (The standard curve is given 
in Appendix). 
 
Furthermore, to eliminate any interference arising from the N-terminal His6 tag on 
the interaction, we tested the interaction of the full length PYR1 (1-191) and PYR1 (9-
182) proteins with a C-terminal His6 tag with biotin-SnRK2.6. As shown in Fig. 5.3, the 
change in the orientation of the tag had little effect on the interaction of PYR1 (9-182) 
with SnRK2.6 and full length still failed to interact with SnRK2.6, thus ruling out the 





Figure 5.2: AlphaScreen interaction assay of full length and truncated PYR1 
with SnRK2.6 and SnRK2.3. H6-PYR1 (9-182) and H60P mutant interacted 
with both biotin-SnRK2.6 and SnRK2.3 however, H6-PYR1 (1-191) full length 
did not interact with neither SnRK2.6 or with SnRK2.3. All the proteins were 
active as PYR1 interacted with biotin-HAB1 in presence of ABA and biotin-
SnRK2 interacted with H6-GST HAB1. Controls are PYR1 proteins without 
biotin SnRK2.6/2.3 (n=3, error bar represent s.d.). (Note: interaction between the 
H6-PYR1 (9-182) H60P mutant and SnRK2.3 was not determined and therefore 




Figure 5.3: AlphaScreen interaction assay of N and C-terminal His6 tagged 
truncated and full length PYR1 with biotin-SnRK2.6. PYR1 (9-191) 
regardless of His6 tag at N or C-termini interacted with biotin-SnRK2.6. whereas 
both N-terminal and C-terminal His6 tagged PYR1 (1-191) full length failed to 
interact with biotin-SnRK2.6 indicating that orientation of tag has no effect on 
the interaction. All the PYR1 proteins were active as they showed significant 
interaction with biotin-HAB1 in presence of ABA. Controls are PYR1 proteins 




Since the truncated, but not the full length, PYR1 protein could interact, we tested 
whether the N-terminus or C-terminus of PYR1 interfered with the interaction of 
SnRK2.6. Hence, we purified H6-PYR1 (9-191), which lacks N-terminal 8 residues and 
H6-PYR1 (1-182), which lacks C-terminal 9 residues, to identify the region that interferes 
with the PYR1-SnRK2.6 interaction. Furthermore, size exclusion chromatogram results 
also provided evidence for the role of the N-terminus in dimerization, as N-terminally 
truncated PYR1 elutes as a monomer, unlike full length PYR1, which elutes as a dimer. 
As shown in Fig. 5.4, H6-PYR1 (9-182) and (9-191), both lacking the N-terminal 8 
residues could still interact with SnRK2.6, whereas PYR1 (1-182) lacking the C-terminal 
9 residues and full length PYR1 (1-191) could not interact with SnRK2.6. From these 
results we hypothesized that the N-terminal 8 residues of PYR1 might have an inhibitory 
effect on PYR1-SnRK2.6 interaction and might play a role in PYR1 dimerization..  
In our preliminary interaction assay, other than PYR1, PYL3 also showed 
significant interaction with SnRK2.6 and SnRK2.3. Hence, to further verify the role of 
the N-terminal region in the receptor-kinase interaction, we tested the interaction of full 
length H6-PYL3 (1-209) and N-terminally truncated H6-PYL3 (29-209) with biotin-
SnRK2.6. As shown in Fig. 5.5, the full length PYL3 protein showed a weak interaction 
with SnRK2.6, similar to full length PYR1 with SnRK2.3. However, N-terminally 
truncated PYL3 (29-209) interacted with SnRK2.6 significantly, further supporting our 
hypothesis of interference of the N-terminal residues of PYR1/PYL proteins in their 





Figure 5.4: AlphaScreen interaction assay of N and C terminally truncated 
PYR1 with SnRK2.6. H6-PYR1 (9-191) and PYR1 (9-182) both lacking N-
terminal 8 residues interacted with biotin SnRK2.6. whereas, H6-PYR1 (1-182) 
and H6-PYR1 (1-191) full length failed to interact with biotin SnRK2.6 
suggesting that N-terminal amino acids may interfere in interaction of PYR1 with 
SnRK2.6. Controls are PYR1 proteins without biotin SnRK2.6 (n=3, error bar 




Figure 5.5: AlphaScreen interaction assay of full length and truncated PYL3 
with SnRK2.6. H6-PYL3 (29-209) N-terminally truncated protein interacted 
with biotin-SnRK2.6 whereas, H6-PYL3 (1-209) full length protein failed to 
show significant interaction with SnRK2.6 further supporting the inhibitory role 
of N-terminal region in ABA receptor-kinase interaction. Controls are PYL3 





5.2  POINT MUTATION OF N-TERMINAL RESIDUES OF FULL LENGTH PYR1 
DOES NOT RESCUSE ITS INTERACTION WITH SnRK2.6. 
 To identify the residue(s) in N-terminus of full length PYR1 which might play a 
key role in inhibition of its interaction with SnRK2.6 and/or in dimerization of PYR1, we 
mutated each residue, purified the mutant proteins and determined their ability to interact 
with biotin SnRK2.6. Furthermore, from the crystal structure of full length PYR1, we 
know that the N-terminal residues Glu9 and Ser3 interact with Arg37, thus allowing the 
N-terminus to dock itself into the core protein. Hence, we hypothesized that mutating 
these residues might abolish/weaken the interaction of the N-terminus with the core 
protein and thereby might allow SnRK2.6 to interact with PYR1. As shown in Fig. 5.6, 
mutation of single N-terminal residues of full length PYR1 could not rescue the 
interaction between full length PYR1 and SnRK2.6. Furthermore, as shown in Fig. 5.7, 
like the E9A mutant, all other mutants also eluted as dimers, similar to the wild type full 
length PYR1 protein on an S200 Superdex size exclusion column, indicating that none of 
the mutations could inhibit dimerization. This further emphasizes the correlation between 




Figure 5.6: AlphaScreen interaction assay of full length PYR1 N-terminal 
point mutants with SnRK2.6. Each of the nine residues in the N-terminus of 
PYR1 was mutated and was expressed as His6 tag protein. Further their ability to 
interact with biotin-SnRK2.6 was determined. None of the point mutations aided 
in interaction of full length PYR1 with SnRK2.6. All the mutant proteins were 
active as they could interact effectively with biotin-HAB1 in the presence of 
ABA. Controls are PYR1 proteins without biotin SnRK2.6 (n=3, error bar 
represents s.d.).  
 
 
Figure 5.7: Size exclusion chromatogram of H6-PYR1 E9A full length 
mutant protein on S200 Superdex column. Similar to full length PYR1, the 
E9A mutant also eluted at 205 ml, corresponding to a dimer (48 kDa), suggesting 
that the mutation had no effect on dimerization. The peak at 117 ml corresponds 
to aggregation (standard curve is given in Appendix). 
 
5.3  MUTATION OF HELIX CAP LT MOTIF IN THE N-TERMINUS OF FULL 
LENGTH PYR1 IS REQUIRED FOR ITS INTERACTION WITH SnRK2.6  
  Further analysis of the crystal structures of PYR1 and different PYL proteins 
showed that PYR1 and PYL1-3 have a conserved LT motif cap at N-terminus to helix 1 
(Dasgupta and Bell, 1993) (Fig. 5.8). With respect to PYR1, Leu5 and Thr6 form the 
helix cap motif, followed by Pro7 and Glu8. Helix 1 starts from Glu9. In the crystal 
structure of PYR1, Leu5 forms a van der Waals interaction with Ala35 and Leu13 and the 
hydroxyl group of Thr6 forms a hydrogen bond with the guanidinium group of Arg37. 
Hence, the LT motif is required for the N-terminal fragment to dock into the receptor 
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body. Henceforth, we mutated the helix cap and the starting two glutamate residues of 
helix 1 to glycine and the effect of this mutation on full length PYR1-SnRK2.6 
interaction was then determined. As shown in Fig. 5.9, mutation in the LT helix cap 
allowed the full length PYR1 protein to interact with SnRK2.6. Furthermore, mutation of 
the LT helix cap was able to prevent dimerization, as the mutant full length protein eluted 
as a monomer on an S75 Superdex size exclusion column, unlike the wild type full length 
protein. This result further supports our hypothesis that the N-terminal residues of PYR1 
do play a crucial role in PYR1-PYR1 and PYR1-SnRK2.6 interactions and there is a 
correlation between dimerization of PYR1 and the SnRK2.6-PYR1 interaction. 
 
 




Figure 5.9: AlphaScreen interaction assay of GGPGG PYR1(1-191) full 
length protein with SnRK2.6. The mutation of the LT cap to glycine residues 
allowed the full length H6-PYR1 to interact with biotin-SnRK2.6. The mutant 
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protein was active as it could interact significantly with biotin HAB1 in the 




Figure 5.10: Size exclusion chromatogram of GGPGG PYR1(1-191) full 
length mutant on S75 Superdex column. The mutant full length PYR1 protein 
eluted at 77 ml. However, one can notice a shift of 2 ml in the aggregation peak 
(43ml) hence the actual elution volume for the protein is 79 ml, corresponding to 
a monomer of molecular weight 24 kDa. (the standard curve is given in 
Appendix). 
 
 5.4 PYR1 DOES NOT INHIBIT SnRK2.6 KINASE ACTIVITY 
 From our preliminary scintillation proximity assay (SPA), we know that the 
kinase inhibitor staurosporine had no effect on the ability of SnRK2.6 to induce 
dissociation of ABA from PYL3, suggesting that SnRK2.6 kinase activity might not be 
required for the receptor-kinase interaction. In addition to this, we also determined the 
kinase activity of SnRK2.6 in the presence of PYR1. As shown in Fig 5.11, SnRK2.6 
effectively phosphorylated its substrate H6-GST ABF2 in the presence of H6-PYR1 (9-
182). On the other hand, PYR1 was not phosphorylated by SnRK2.6. Furthermore, when 
we tested the effect of staurosporine on the interaction of SnRK2.6 with PYR1, we found 
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that staurosporine did not inhibit the interaction of SnRK2.6 with PYR1 (Fig. 5.12). 
Together, our kinase assay and interaction studies suggest that SnRK2.6 kinase activity is 
not required for the interaction and PYR1 has no inhibitory effect on the kinase activity of 
SnRK2.6. 
 
Figure 5.11: Kinase assay demonstrating that PYR1 does not inhibit 
SnRK2.6 kinase activity. In the presence of 2µM of PYR1, SnRK2.6 effectively 
trans-phosphorylated its substrate ABF 2 and also auto-phosphorylate itself 
indicating that PYR1 does not inhibit SnRK2.6 kinase activity and SnRK2.6 does 
not phosphorylate PYR1.  
 
 
Figure 5.12: AlphaScreen interaction of SnRK2.6 and PYR1 in presence of 
Staurosporine. 150 nM of staurosporine had no effect on the interaction of 100 
nM of PYR1 with 100 nM of SnRK2.6 suggesting that kinase activity of 
SnRK2.6 is not required for the interaction. Control is PYR1 protein without 
SnRK2.6 (n=3, error bar represent s.d.). The concentration of staurosporine used 
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5.5 PYR1-SnRK2.6 INTERACTION HAS AN IC50 OF 160 nM 
  To determine the strength of PYR1-SnRK2.6 interaction, we performed a 
homologous competition AlphaScreen assay. When we compete the interaction of 100 
nM of H6-PYR1 (9-182) and 100 nM of biotin-SnRK2.6 (11-362) by titrating different 
concentrations of either untagged PYR1 (9-182) or untagged SnRK2.6 (11-362), we 
found that the IC50 of the interaction is about 160 nM (Fig. 5.13). It is interesting to note 
that the IC50 of ABA bound PYL2-HAB1 and ABA bound PYR1-HAB1 interaction is 
also about 150 nM and 125 nM, respectively (Melcher et al., 2009a; Park et al., 2009), 
suggesting that under appropriate conditions PYR1-SnRK2.6 and PYR1-ABA-HAB1 
interactions may stabilize each other. However, it is to be noted that the N-terminally 
truncated monomeric PYR1 protein was used to determine the in vitro affinity between 
PYR1 and SnRK2.6, henceforth affinity of SnRK2.6 and the monomeric full length 
PYR1 protein in vivo may differ from the calculated affinity. 
 
 
Figure 5. 13: Competition assay of PYR1-SnRK2.6 interaction by untagged 
PYR1/SnRK2.6. Each reaction contained 100 nM of H6 PYR1 (9-182) and 100 
nM of biotin-SnRK2.6 (11-362) and was titrated with indicated concentration of 
untagged PYR1 (9-182) or untagged SnRK2.6 (11-362). IC50 was calculated by 
fitting the curve to competitive inhibitory model for binding of PYR1to SnRK2.6. 





5.6 CRYSTALLIZATION OF SnRK2-PYR1 COMPLEX 
 Our biochemical assays strongly indicated that N-terminally truncated monomeric 
PYR1 and SnRK2.6 directly interact with each other and also suggested a probable role 
of the N-terminal region of PYR1 in the interaction and a correlation between 
dimerization and interaction. However, it did not give clear insight regarding the 
interaction interface. Hence, we decided to crystallize the complex and determine its 
structure by X-ray crystallography to get a better understanding of the binding interface 
which could also shed light on the probable physiological role of the complex and help us 
understand the role of the N-terminus in the interaction. Initially, we started with a H6-
SnRK2.6 (11-362) 11amino acid linker PYR1 (9-182) fusion construct but we 
encountered problems during purification due to protein aggregation. Moreover, when the 
soluble protein fraction was separated using a size exclusion column, the complex did not 
give a peak at expected molecular weight, but gave a broad peak at a higher molecular 
weight. Furthermore, when the samples were separated on SDS PAGE, the protein gave a 
band at expected molecular weight but when separated on blue native gel we found 
heterogeneity in the sample (Fig 5.14). Hence, the protein could not be used for 
crystallization. However, when we changed the orientation of the construct to H6-PYR1 





Figure 5.14: Reducing SDS PAGE and Blue native gel of gel filtration 
fractions of H6-SnRK2.6 11 amino acid linker PYR1 fusion protein. In the 
reducing gel it is clear that the gel filtration purified protein is of high purity with 
no visible contamination band and ran at the expected molecular weight of 61 
kDa. However, the samples run on a blue native gel clearly showed heterogeneity 
due to oligomerization hence could not be used for crystallization. (M-Marker, 
GF fractions- Gel filtration Fractions). 
 
 
The protein was first purified by affinity purification using a His trap Ni column 
and later loaded onto an S200 Superdex size exclusion column. As shown in Fig. 5.15, 
the H6-PYR1-11 amino acid linker-SnRK2.6 fusion protein eluted as a symmetric 
monomeric peak, corresponding to the expected molecular weight of 61 kDa. 
Furthermore, monomeric peak fractions gave a band at expected molecular weight on 
SDS PAGE and the protein was more than 95% pure and hence suitable for crystallization 
(Fig. 5.15). The fractions corresponding to the monomeric peak were concentrated to 7.1 
mg/ml and 18.2 mg/ml and initial crystallization condition were screened using 
commercially available kits (see Appendix for the list of kits used). 
Few conditions in the initial screening gave tiny crystals but some were not 
reproducible using a new batch of protein, despite many attempts and others did not 
diffract (Fig. 5.16). We tried crystallizing the protein with ABA and staurosporine, with 
the hope that they might stabilize the proteins and enhance the possibility of 
crystallization. Furthermore, we introduced different surface entropy reduction (SER) 
mutations in SnRK2.6 to aid in crystallization (list in Appendix) (Derewenda, 2004). 
These mutations did not alter any protein behavior and the proteins still eluted as 




Figure 5.15: Size exclusion chromatography of H6-PYR1 11amino acid 
linker SnRK2.6 fusion protein on a S200 Superdex column. The fusion 
protein eluted as monomeric peak at expects molecular weight of 61 kDa. The 
fraction corresponding to the peak was run on SDS PAGE. (M-Marker, 1- Nickel 
elute, 2- fraction corresponding to 117 ml peak, 3-fraction corresponding to 155 




Figure 5.16: Initial crystals obtained for H6 PYR1-11 amino acid linker-
SnRK2.6 fusion protein. Two conditions (A) 25% poly acrylic acid sodium salt 
5100, 0.02M MgCl2, 0.1M HEPES, 18.2 mg/ml protein concentration at 1:1 
mother liquor:protein ratio at 16 ᵒC and (B) 0.2M sodium formate , 0.1 M bicine, 
A                                                               B 
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pH 8.5, 20% w/v PEG 5000, 18.2 mg/ml protein concentration at 2:1 mother 
liquor:protein ratio at 16 ᵒC gave tiny crystals. 
  
We also tried crystallizing at different protein concentrations, different ratios of 
protein and mother liquor (1:1, 1:2 and 2:1) and also at different temperatures (4, 16 and 
20 (RT) ᵒC). We also purified the untagged PYR1-11 amino acid linker-SnRK2.6, H6-
sumo-PYR1-11 amino acid linker-SnRK2.6, H6-PYR1-11 amino acid linker-SnRK2.3 
and H6-PYL3-11 amino acid linker-SnRK2.6 fusion proteins and screened for crystals in 
the presence or absence of ABA and/or staurosporine. However, none of these attempts 
yielded any reproducible crystals. Hence, we attempted to optimize the length of the 
proteins and remove any flexible regions to increase the possibility of crystallization. 
 
Figure 5.17: Size exclusion chromatogram of H6-PYR1-11amino acid linker-
SnRK2.6 K279A fusion protein. Introduction of surface entropy reduction 
mutation did not affect the protein behavior on the size exclusion column and the 








5.7 C-TERMINAL ACIDIC ABA BOX DOMAIN OF SnRK2.6 INTERACTS WITH 
PYR1 
SnRK2.6 has a C-terminal acidic domain known as ABA box. Electron density for 
this domain is poorly resolved in both the SnRK2.6 apo-structure and SnRK2.6-HAB1 
complex structure (Soon et al., 2012b), suggesting that this domain is largely flexible. 
Hence, we removed this domain and the associated linker region to obtain the SnRK2.6 
(11-317) truncated protein, which may aid in crystallization of the PYR1-SnRK2.6 
complex. Furthermore, we tested the interaction of the ABA box truncated SnRK2.6 (11-
317) with PYR1 using AlphaScreen interaction assay. Interestingly, biotin-SnRK2.6 (11-
317) did not interact with H6-PYR1 (9-182). Furthermore, when we tested the interaction 
of biotin-SnRK2.6 ABA box peptide with H6-PYR1 (9-182), the ABA box interacted 
with PYR1, suggesting that the ABA box domain of SnRK2.6 might be involved in the 
interaction with PYR1 (Fig. 5.18). 
 
Figure 5.18: AlphaScreen interaction assay showing the importance of ABA 
box domain of SnRK2.6 in PYR1-SnRK interaction. Biotin-SnRK2.6 (11-317) 
lacking ABA box domain failed to interact with PYR1. On the other hand, 
SnRK2.6 ABA box peptide interacted with PYR1 suggesting that ABA box is 




Based on the above results, we designed the H6-PYR1 (9-182)-11 amino acid 
linker-SnRK2.6 ABA box domain (333-362) construct and purified the fusion protein. As 
shown in Fig 5.19, the protein mostly aggregated. However, we could get enough yield 
that eluted at 221 ml, corresponding to the expected molecular weight of 26 kDa. We 
pooled the peak fractions and concentrated to 11 and 22.3 mg/ml and further screened for 
crystals using commercially available screens. However, the protein did not yield any 
crystals. Furthermore, to determine the affinity of the interaction between the SnRK2.6 
ABA box and PYR1, we performed a homologous competition assay of H6-PYR1 (9-
182) and SnRK2.6 (11-362) using an untagged ABA box peptide. However, the untagged 
ABA box peptide could not compete in the interaction, suggesting that beside the ABA 
box, a possible second interaction site exists in SnRK2.6 to promote interaction between 
PYR1 and SnRK2 (Fig 5.20). PYR1 may interact with SnRK2 via two separate 
interaction sites, one of which is the ABA box domain which is probably involved in a 
weak interaction as the ABA box peptide could not compete in the SnRK2.6 (11-362)-
PYR1 (9-182) interaction. However, a second interaction site may exist in the core 
protein. Although the SnRK2.6 (11-317) protein did not show any binding signal in 
AlphaScreen assay, it cannot be interpreted as a lack of interaction since a truncated 
protein might have a different geometry compared to full length, which may hinder its 
interaction with PYR1. Hence, determining the structure of PYR1, in complex with 





Figure 5.19: Size exclusion chromatogram of H6-PYR1 11amino acid linker 
SnRK2.6 ABA box domain. The fusion protein eluted as a fairly symmetrical 
monomeric peak at 221 ml, corresponding to its expected molecular weight of 26 
kDa. The protein was 95% pure as determined by SDS PAGE (M-Marker, 1 to 4- 




Figure 5.20: Homologous competition assay of PYR1-SnRK2.6 using 
untagged SnRK2.6 ABA box peptide. Different concentrations of untagged 
SnRK2.6 ABA box peptide as indicated on X-axis was titrated against 100 nM of 
H6-PYR1 (9-182) +100 nM of biotin-SnRK2.6 (11-362). ABA box peptide did 
not show any significant competition suggesting that there is a second interaction 
site beside ABA box between SnRK2.6 and PYR1. 
 
Since we were not successful in obtaining crystals for the PYR1-SnRK2.6 
complex, we changed our focus to determine the crystal structure of the ABA- PYR1-
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HAB1-SnRK2.6 complex, which may provide a better understanding of the interactions 
between the three core proteins in the quaternary complex and may also aid in stabilizing 
flexible regions, thereby increasing the possibility of crystallization. 
 
5.8 CRYSTALLIZATION OF ABA-PYR1-HAB1-SnRK2.6 QUATERNARY 
COMPLEX 
 To understand the interactions that stabilize the transient quaternary complex of a 
receptor, a kinase and a phosphatase, we went on to crystallize this complex. We used the 
SnRK2.6-11 amino acid linker-HAB1 construct, which was previously used to obtain the 
crystal structure of this complex (Soon et al., 2012b). Since the affinity in the SnRK2.6-
HAB1 interaction is quite low and lies in the range of 2-8 µM, covalently linking 
SnRK2.6 to HAB1 by a flexible linker stabilized this interaction. We incubated gel 
filtration purified H6-SnRK2.6 (11-362)-11 amino acid linker-HAB1 (171-511) with the 
gel filtration purified wild type or H60P mutant H6-PYR1(9-182) or full length H6-PYR1 
(1-191) protein, in the presence of ABA at 1:1.5 ratio and separated the complex on an 
S200 Superdex size exclusion column to determine the length of PYR1 that interacted 
strongly. As shown in Fig. 5.21A, H6-PYR1 (9-182) H60P interacted strongly with the 
kinase-phosphatase complex and gave a significant peak shift, in comparison with the 
SnRK2.6-HAB1 complex peak alone (Fig. 5.21B) and eluted at the expected molecular 
weight of the quaternary complex (98 kDa). On the other hand, the full length H6-PYR1 
protein did not show any significant interaction but merely co-eluted with the SnRK2.6-
HAB1 complex. It is to be noted that although the molecular weight of the SnRK2.6-
HAB1 complex is 79 kDa, it elutes at 200 ml, corresponding to a lower molecular weight, 
due to its molecular size, and hence overlaps with the dimeric full length H6-PYR1 peak 
(Fig.5.1). Based on this result, we further concentrated the peak fractions corresponding 
to the quaternary complex of ABA-PYR1 H60P-SnRK2.6-HAB1 and screened for 
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crystals using commercially available screens at 1:1, 1:2 and 2:1 proteins: mother liquor 
ratios. We also tried crystallizing the quaternary complex in the presence of 
quinabactin/AM1 with or without staurosporine. Quinabactin (AM1), which is a synthetic 
ABA agonist, is more potent in promoting interaction between PYR1 and HAB1 than 
ABA (Cao et al., 2013; Okamoto et al., 2013). We also introduced surface entropy 
reduction (SER) mutations in SnRK2.6 to aid in crystallization. Introduction of 
D59A/E60A SER mutation in SnRK2.6 helped us get initial microcrystals for the ABA-
PYR1 H60P-SnRK2.6-HAB1 complex under three different conditions (at 7 mg/ml) and 
were reproducible (Fig. 5.22 and Table 5.1). Hence, to increase crystal size, we optimized 
the initial condition by setting up grid screens. We systematically changed the 
concentration of precipitant, pH of the buffer, strength of the buffer and also incubated 
the crystal trays at different temperatures (4, 16 ᵒC and RT), but none of these approaches 
helped in improving the crystal size. Furthermore, we introduced other SER mutations, 
D59A/E60A, in SnRK2.6 with the aim of improving the crystal size. However, these 
additional SER mutations had no effect on crystal size and the protein started to aggregate 
after the insertion of 6 additional SER mutations, due to reduction in net charge, which 

















Figure 5.21: Size exclusion chromatography of ABA-PYR1-SnRK2.6-
HAB1qauternary complex and SnRK2.6-HAB1 binary complex. (A) overlap 
of elution profiles of SnRK2.6-HAB1 in complex with ABA bound PYR1 (9-
182) (blue), PYR1 (9-182) H60P mutant (dotted brown) and full length PYR1 (1-
191) (grey). The peaks at 229 and 237 ml correspond to excess of PYR1 protein. 
The SDS PAGE gels show the gel filtration fractions of the ABA-PYR1 (9-182) 
H60P-SnRK2.6-HAB1 quaternary complex. (B) Elution profile of the SnRK2.6-
11 amino acid linker-HAB1 complex. The peak at 122 ml corresponds to 
aggregation and that at 200 ml corresponds to a monomer. The SDS PAGE shows 







Figure 5.22: Microcystals obatained for quaternary complex. Condition: 0.1 
M bis Tris propane pH 7, 1.2 M 35% Tacsimate, 7 mg/ml protein concentration at 
2:1 mother liquor: protein ratio at 16 ᵒC.  
 




0.1 M Bis Tris propane pH 7, 1.2 M 35% tacsimate 
0.1 M Tris pH 8.5, 1.2 M potassium tartrate 
0.1 M Sodium acetate trihydrate pH 4.6, 0.7 M di-ammonium tartrate 
 
5.9 Crosslinking to stabilize the quaternary complex 
 In spite of various approaches employed, crystal quality could not be improved. 
Hence, we hypothesized that stabilizing transient interactions among the proteins in the 
quaternary complex might help in improving the crystal quality. We explored the option 
of crosslinking the proteins in the quaternary complex using commercially available cross 
linkers (Thermo Scientific).  
As shown in Table. 5.2, cross linkers with different spacer arm lengths were used 
to identify a suitable cross linker that could yield a homogenous quaternary complex. 
Different concentrations of the gel filtration purified ABA-PYR1 (H60P)-SnRK2.6-
HAB1 complex protein was incubated with each of the above cross linkers, based on the 
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manufacturer recommended protocol. After incubation, the samples were separated on an 
SDS PAGE gel to determine the extent of cross linking and homogeneity. As shown in 
Fig 5.23, TSAT showed significant cross linking but had low efficiency since less than 
10% of the sample was cross linked even at a high protein concentration of 30 µM and 
also led to heterogeneous oligomerization. DST, DSG and sulfo-EMS also cross linked 
the proteins in the complex, but were less efficient compared to TSAT. On the other hand, 
DMP did not show any significant cross linking, similar to DMS. Thus, cross linkers 
could not be used to stabilize the complex for crystallization. 
Table 5.2. List of cross linkers and their spacer arm length. 









Figure 5.23: Chemical cross linking of the quaternary complex using TSAT 
and DMP. Different concentrations of purified quaternary complex were 
incubated for 30 min with TSAT and DMP. After incubation the samples were 
separated on a SDS PAGE. M- marker, C- control/no treatment, lanes 1-4 was 
treated with TSAT. Lanes 5-8 was treated with DMP. 2 to 30 µM of protein 




5.10 Hydrogen deuterium exchange mass spectroscopy  
 Due to the difficulties encountered in obtaining good quality crystals for the 
SnRK2.6-PYR1 binary complex, we used an alternate approach to determine the 
interaction interface between PYR1 and SnRK2.6. Amide hydrogen deuterium exchange 
mass spectrometry technique (HDX) is an important biophysical method that can be used 
as an alternative to crystallography in order to identify interaction surfaces and 
conformational changes associated with protein-protein interaction in solution. Typically, 
the HDX analysis is performed for free proteins and proteins in complex with binding 
partners. The regions that show significant change in deuterium uptake in the complex, in 
comparison with the free protein, reveals the interaction sites between the proteins.  
Analysis of the ΔHDX results of free PYR1 (9-182) (no ABA) and PYR1 (9-182) 
in complex with SnRK2.6 (11-362) revealed three regions that showed significant 
stabilization in PYR1 upon binding to SnRK2.6 and are indicated as blue regions in the 
apo PYR1/PYR1-ABA hetero-dimer structure. To provide a better understanding of the 
positions of the regions identified by HDX, we have also highlighted the equivalent 
regions in the apo PYL2 homodimer structure in blue, as the orientation of gate loop and 
latch loops differs significantly between heterodimer and homodimer structures (Fig 
5.24A, B, C). Interestingly enough, Val81- Leu96, one of the regions stabilized in PYR1 
upon binding to SnRK2.6, comprises the gate loop (Val83- Asn90) and the associated ȕ-
strand, which plays a crucial role in binding with ABA and HAB1. Importantly, the gate 
loop (proline cap) is the key region involved in PYR1 dimerization. 
 Hence, we hypothesize that SnRK2.6 binds to monomeric PYR1 and stabilizes 
the gate loop in an open conformation, thereby inducing ABA dissociation (SPA results). 
The other two regions that showed significant stabilization in PYR1 upon binding to 
SnRK2.6 were Tyr145- Met158 (comprising recoil motif Met147-Phe159) and Val163- 
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Leu168 which play key roles in dimerization of PYR1. The peptide corresponding to the 
latch loop, another region that plays a key role in dimerization and ABA binding, was not 
resolved. However, HDX provided a valuable piece of information regarding the binding 
interface between PYR1 and SnRK2.6. Further, it also sheds light on the correlation 
between dimerization of PYR1 and interaction of SnRK2.6 with PYR1. From the HDX 
results we now know that the binding interface of SnRK2.6 on PYR1 overlaps with the 
dimerization interface, thus giving us a clear evidence for the reason why SnRK2.6 could 
not efficiently interact with full length dimeric PYR1 protein but could interact with the 
N-terminally truncated monomeric PYR1 protein. The overall peptide coverage for the 
HDX was low, especially for SnRK2.6. Hence, we could not confidently map the 
interaction interface on SnRK2.6. But based on the heat map, there is significant 
destabilization in the surface loop, Val83-Leu90, but further validation is required to 
confirm the involvement of this region in the interaction. Therefore, it is important to 
optimize HDX reaction conditions to enhance peptide coverage which may aid in 





























Figure 5.24: PYR1 dimer structure showing the regions stabilized in PYR1 
upon SnRK2.6 binding and HDX perturbation map. A The region in the 
PYR1 dimer that is stabilized upon binding with SnRK2.6 is shown in blue and 
ABA as yellow spheres. The gate loop which is involved in PYR1 dimerization is 
also involved in SnRK2.6 interaction (PDB: 3K3K). B Heat map showing the 
change of PYR1 HDX protection upon SnRK2.6 binding. The bars below the 
sequence depict the sequence coverage by mass spectrometry and the color of the 
bar indicates the extent of stabilization of that peptide upon SnRK2.6 binding 
(color code in lower right corner, ns: not significant, numbers represent % change 
in HDX) Red box indicates the regions of protection in PYR1 in presence of 
SnRK2.6. protein sequence number is with respect to PYR (9-182). 9th amino 
acid is numbered as 1. C Homodimer structure of PYL2 (1-188) showing the 
region corresponding to PYR1 that is stabilized upon binding to SnRK2.6 shown 














CHAPTER 6. DISCUSSION 
 
In this study, we have shown that SnRK2.6, the key positive regulator of ABA 
signaling can directly interact with the ABA receptor PYR1/PYL3 and induce ABA 
dissociation. Our AlphaScreen interaction studies provide substantial evidence for the 
direct interaction between biotin-SnRK2.6 (11-362) and N-terminally truncated H6-PYR1 
(9-182). However, the physiologically occurring full length PYR1 (1-191) did not show 
significant interaction with SnRK2.6. Nevertheless, it is important to note that full length 
PYR1 exists as a dimer in solution, in the absence of ABA and/or HAB1 (based on our 
size exclusion chromatography and Nishimura et al., 2009) whereas, N-terminally 
truncated PYR1 is a monomer in solution. This probably suggests that SnRK2.6 may 
interact strongly with monomeric PYR1 but not with the dimeric form. In guard cells, 
dimeric PYR1 is the inactive form of the receptor. However, upon binding to ABA and in 
the presence of HAB1 these PYR1 homodimers disassociate into monomers. Moreover, 
the LT helix cap full length PYR1 mutant protein behaves like a monomer on a size 
exclusion column, unlike the wild type full length protein, and the mutation allowed the 
full length protein to interact with SnRK2.6, suggesting that docking of N-terminus of 
PYR1 to the core protein, mediated by the LT helix cap, stabilizes PYR1 dimers by an 
unknown mechanism. This emphasizes the role of the N-terminal region of PYR1 in 
dimerization and the correlation between PYR1 dimerization and SnRK2.6-PYR1 
interaction. Furthermore, our HDX results show that upon binding with SnRK2.6, the 
gate loop of PYR1 which plays a critical role in dimerization is also stabilized, suggesting 
that the SnRK2.6 binding site on PYR1 overlaps with the dimerization interface. 
Moreover, the gate loop also plays a key role in ABA binding. In addition to this, our 
SPA results show that SnRK2.6 induces dissociation of ABA from PYR1. However, the 
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reason for the N-terminally truncated PYR1 protein to behave as a monomer is still 
unclear. Based on the crystal structure of PYR1, the N-terminal region is not directly 
involved in dimerization. Nevertheless, there is a significant change in the orientation of 
the amino acids of the N-terminal region of PYR1 in apo dimeric PYR1 and PYR1 in 
complex with HAB1. In the apo PYR1 protein, Ser3 is oriented towards the PYR1 core, 
thereby facilitating its interaction with Arg37 whereas in the PYR1-HAB1 complex, it is 
oriented away from Arg37, thus preventing this interaction. The Ser3 interaction with 
Arg37 is important to dock the N-terminal region to the PYR1 core body. However, 
additional experiments are required to identify the role of the N-terminal region in PYR1 
dimerization and the monomeric behavior of the N-terminally truncated PYR1 protein. 
Based on our homologous competition assay, SnRK2.6 can compete in the 
interaction of PYL2 (14-188) and HAB1 (117-511). On the other hand, PYL2 could also 
compete in the interaction of ABA box truncated SnRK2.6 (11-319) and HAB1 (117-
512), but not the SnRK2.6 (11-362) and HAB1 (117-512) interaction, suggesting that 
PYL2 can only compete in the interaction between the kinase domain of SnRK2.6 and the 
phosphatase domain of HAB1 but not the SnRK2.6 ABA box interaction with the basic 
region of HAB1. Hence, under appropriate concentrations, SnRK2.6 can still interact with 
HAB1 in the complex with PYL/PYR. This brings SnRK2.6 in close proximity to PYR1. 
Furthermore, based on our competition assay, the IC50 of the affinity between SnRK2.6 
(11-362) and PYR1 (9-182) is about 160 nM. From literature, we know that the IC50 of 
the SnRK2.6-HAB1 interaction lies in the rage of 2-8 µM and that for the PYR1-HAB1 
interaction in the presence of ABA is 125 µM. Hence, under appropriate conditions, the 
ABA-PYR1-HAB1 and SnRK-PYR1 interactions may stabilize each other. However, the 
affinity of the receptor-kinase interaction has been determined only for the N-terminally 
truncated PYR1 and further experimental analysis is required to identify the actual 
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affinity of SnRK2.6 for full length PYR1 in vivo. Based on our results, we can speculate 
that ABA-PYR1-HAB1-SnRK2.6 forms a quaternary transient complex, which brings 
SnRK2.6 and PYR1 within close proximity. This allows SnRK2.6 to directly interact with 
PYR1 and stabilize the gate loop in an open conformation and prevents re-association of 
ABA, thus weakening the interaction of PYR1 with HAB1, thereby allowing activation of 
HAB1. Our results also point towards possible alternating HAB1-ABA-PYR1 and 
SnRK2.6-PYR1 interactions. Thus, we hypothesize that a drop in ABA levels, due to 
degradation/inactivation upon removal of stress, weakens the interaction between PYR1 
and HAB1 (and further dissociation of the complex). Now, SnRK may interact with 
PYR1 and stabilize the gate loop in an open conformation, thereby preventing re-
association of ABA, leading to inactivation of the PYR1 receptor. Hence, the interaction 
between PYR1 and SnRK may serve as a receptor desensitization step and as a feedback 
regulatory mechanism in ABA signaling. However, this is a hypothetical model 
formulated based on our results and requires further validation by in vivo studies. 
Furthermore, there are still many unanswered questions such as understanding why 
SnRK2.6 specifically interacts with PYR1 and PYL3, the role of the SnRK2.6 ABA box 
in the PYR1-SnRK2.6 interaction, the role of the N-terminus of PYR1 in the PYR1-
SnRK2.6 interaction and the interaction interface in SnRK2.6, which are yet to be 
determined. 
Obtaining good quality crystals is a bottleneck for structure determination using 
X-ray crystallography. In this study, we have employed various techniques to obtain 
crystals for the SnRK2.6-PYR1 binary complex and ABA-PYR1-HAB1-SnRK2.6 
quaternary complex to determine their structures and identify associated structural 
changes and binding interfaces. However, none of these approaches were successful in 
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obtaining good quality crystals. Nevertheless, more techniques and parameters that may 




CHAPTER 7. CONCLUSION AND FUTURE WORK  
 
7.1  CONCLUSION 
  In project I, we have shown that HAB1 is reversibly oxidized by H2O2. We also 
identified Cys186 and Cys274 as key thiols involved in redox sensing in HAB1, using 
mutagenesis and phosphatase and kinase assays. Based on the results from size exclusion 
chromatography and non-reducing SDS gel, we have also proposed a model to explain the 
mechanism of inactivation of HAB1 by H2O2. HAB1 forms inactive dimers upon 
oxidation by H2O2, due to the formation of intermolecular disulphide bonds, mediated by 
Cys186 and Cys274. Hence, our results provide strong evidence for the inactivation of 
HAB1 by dimerization upon oxidation by H2O2. 
In project II, we have identified the direct interaction between SnRK2.6 and 
PYR1/PYL3, which has not been reported previously. We have also mapped the probable 
interaction interface on PYR1 in the PYR1-SnRK2.6 complex. The interaction interface 
overlaps with the dimerization interface of PYR1. The gate loop, which plays a critical 
role in dimerization and ABA binding, also interacts with SnRK2.6. We have also shown 
that SnRK2.6 induces ABA dissociation from PYL3. We have identified for the first time 
that the N-terminal region of PYR1 has an effect on dimerization, as the N-terminally 
truncated protein eluted as a monomer, unlike full length PYR1, which elutes as a dimer 
on a size exclusion column. However, in spite of various attempts we were not successful 
in obtaining crystals for the PYR1-SnRK2.6 complex and the ABA-PYR1-HAB1-
SnRK2.6 quaternary complex. We will continue to achieve success in obtaining crystals 
by employing different approaches as described below, in future work. 
At the same time, the results from both these projects have contributed 
significantly to the existing information regarding ABA signaling, thus taking a step 
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closer to understanding the mechanism of ABA signaling and the cross talk between 
ABA and ROS signaling which can be exploited in future to genetically engineer food 
crops to display desirable stress tolerant traits and prevent the loss of yield due to 
environmental stress such as drought, thus, may provide a solution for the existing food 
scarcity problem. 
 
7.2  FUTURE WORK - PROJECT  I
 
 
From our results, we know that HAB1 is reversibly oxidized by H2O2 and Cys186 
and Cys274 are the key redox sensing thiols of HAB1 (Fig 3.4-3.8). Upon oxidation by 
H2O2, HAB1 forms inactive dimers, mediated by intermolecular disulphide bonds 
between Cys186 and Cys274 of the two HAB1 molecules (Fig 3.10). However, all the 
above results are obtained from in vitro biochemical assays. Hence, we would like to 
further validate these results in vivo using transient protoplast assay in Arabidopsis. 
We would also like to determine if the model proposed for the mechanism of 
HAB1 inactivation by H2O2 holds good for ABI1 and ABI2 (Fig 4.1). Hence, we would 
like to mutate the equivalent conserved Cys274 residue in ABI1 and ABI2 and determine 
the effect of the mutation on its sensitivity to H2O2 treatment, by both in vitro 
biochemical assays and transient protoplast assay. 
A recent proteomic analysis shows that SnRK2.6 is also sensitive to H2O2 
treatment (Zhu et al., 2014). This suggests that inactivation of HAB1 by H2O2 does not 
likely lead to autoactivation of SnRK2.6, but may probably activate other downstream 
HAB1 target proteins, such as SnRK2.3, MAP3K kinases, SSP4 phosphatase, many 
transcription factors, ion channels and metabolic enzymes, thereby turning on the ABA 
signaling pathway. Furthermore, it is important to determine the sensitivity of SnRK2.6 to 
H2O2 to confirm if SnRK2.6 can be inactivated at physiological H2O2 concentrations. 
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This can be calculated by treating SnRK2.6 with different concentrations of H2O2 and 
determining its kinase activity. Furthermore, identifying the downstream signaling 
molecule(s) activated upon inactivation of PP2C by H2O2 would aid us in understanding 
the crosstalk between ROS and ABA signaling and the mechanism of activation of ABA 
signaling by H2O2.  
 
7.3  FUTURE WORK – PROJECT II 
7.3.1  SnRK2.6-PYR1 interaction 
Our AlphaScreen interaction studies show that SnRK2.6 directly interacts with N-
terminally truncated monomeric PYR1 and PYL3 but not with PYL1 and PYL2 (Figs. 
1.21, 5.2, 5.5). To further cross validate the specificity of interaction between the 
SnRK2.6 and PYR1/PYL proteins, we can use other interaction assays, such as yeast-
two-hybrid assay or co-immunoprecipitation using Arabidopsis cell extracts and 
determine the interaction between different PYR1/PYL proteins and SnRK2.6/2.3. This 
will also provide us information regarding the ability of SnRK2.6 to interact with PYL7-
13 which has not been tested so far. 
Based on our results, we hypothesize that SnRK2.6 interacts with the ABA bound 
monomeric form of PYR1 in vivo and not with dimeric PYR1. Furthermore, our HDX 
results also show that the SnRK2.6 interaction site overlaps with the PYR1 dimerization 
interface and the PYR1 gate loop is stabilized upon binding with SnRK2.6. Hence, we 
hypothesize that SnRK2.6 interacts with monomeric PYR1 and stabilizes the gate loop in 
an open conformation and thereby induces ABA dissociation. This hypothesis can be 
further supported by determining the interaction between the full length H60P PYR1 
protein and SnRK2.6. Residue His60 has been shown to play a key role in PYR1 
dimerization and mutation of this to proline would shift the equilibrium towards 
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monomers. If the full length monomeric H60P PYR1 protein interacts with SnRK2.6, it 
would strongly emphasize the correlation of PYR1 dimerization and SnRK2.6 interaction. 
Furthermore, the interaction sites identified in PYR1 by HDX can be validated by 
mutating the residues in the gate loop and determining their interaction with SnRK2.6. If 
any mutation in the gate loop inhibits the interaction between PYR1 and SnRK2.6, it 
would further confirm the role of the gate loop in the SnRK2.6-PYR1 interaction and also 
the correlation between PYR1 dimerization and PYR1-SnRK2.6 interaction. Similarly, 
the two other regions identified by HDX (Tyr145- Met158 and Val163- Leu168) can also 
be cross validated by mutational studies. Furthermore, we would like to optimize the 
HDX reaction condition to improve peptide sequence coverage as this may aid in 
mapping the interaction site on SnRK2.6 also. 
Mutation of the LT helix cap in the full length PYR1 protein allowed the protein 
to interact with SnRK2.6. Furthermore, the mutant protein behaved as a monomer on a 
size exclusion column, suggesting that docking of the N-terminus of PYR1 to the core 
protein, mediated by the LT helix cap, stabilizes PYR1 dimers by an unknown 
mechanism and mutating the LT helix cap prevents this stabilization, thereby making the 
protein a monomer. Hence, determining the crystal structure of full length LT helix cap 
mutant PYR1 and comparing the structure with wild type full length PYR1 may shed 
light on the role of the N-terminus in dimerization of PYR1. 
Various approaches employed to obtain crystals for the SnRK2.6-PYR1 complex, 
which can give clear information regarding the interaction site, were largely unsuccessful. 
However, we can try to crystallize SnRK2.6 in complex with full length LT helix cap 
mutant or H60P PYR1 (9-182) proteins. Furthermore, we can try stabilizing the complex 




7.3.2  ABA-PYR1-SnRK2.6-HAB1 quaternary complex  
 Our initial crystal screening identified a few conditions that gave microcrystals for 
the ABA-PYR1 H60P-SnRK2.6 D59A/E60A- HAB1 quaternary complex. However, all 
our attempts did not aid in improving the crystal size (Fig. 5.22). Nevertheless, we can try 
seeding techniques, which may aid in increasing the crystal size. We can also introduce 
surface entropy reduction mutations into HAB1 and PYR1, similar to SnRK2.6, to 
improve the crystal size. Nonetheless, these microcrystals are suitable for the free-
electron laser X-ray diffraction technique and we can attempt to solve the structure of the 







A. Standard curve for S75 16/60 size exclusion column. 
 
 






C. List of crystallization kits used for initial screening. 
Name of the kit Company 
Crystal Screen Hampton 
Peg ion Hampton 
Peg Rx Hampton 
Salt Rx Hampton 
Index Hampton 
PACT suite Qiagen 
Pro complex suite Qiagen 
Classic Lite suite Qiagen 
JCSG plus Molecular Dimensions 
 
D. List of crystallization screens used for optimization. 
Name of the kit Company 
Detergent Screen Hampton 
Silver bullet Hampton 
Anion Suite Qiagen 
Cation Suite Qiagen 
 
All initial screening was performed using the Phoenix HT liquid 
handling system by sitting drop technique. Further optimization of conditions was 
performed manually by both sitting drop and hanging drop techniques. 
 
E. Surface entropy mutations introduced in SnRK2.6. 
1) D40A, K41A 
2) E45A 
3) E56A, K57A 
4) D59A, E60A 
5) K190A, K191A, E192A 
6) K196A 




11) D296A, K297A 
To design the Surface entropy mutation we have used a web tool 
(http://services.mbi.ucla.edu/SER/), but this tool only provides the three cluster mutations 
giving the greatest entropy benefit.  For a more thorough mutational analysis, we did a 
manually analysis by looking at small clusters of especially K, E, and Q, ideally within 
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loops near a loop-helix border (based on the available structure of SnRK2.6). We also 
looked into sequence conservation among the SnRK2 family members.  If there were 
large flexible amino acids that are exchanged against other amino acid in homologs, we 
preferentially target those amino acids.  Since most proteins only have a limited number 
of exposed K, E, Q (to some degree also D, R, N within a cluster), it is often worth to 
individually mutate all K, E (single aa), or K/E/Q (clusters). 
 
Note:  HDX experiment was performed in Dr. Patrick Griffin lab at The Scripps 
Research Institute, USA by Vinh lam. The homologous competition assay (Fig.5.13) was 
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